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Abstract: The grid-connected converter is a key element in many power electronic
applications and technological devices which are commonly used nowadays. Wind
turbines, photovoltaic generation, railway traction and grid-connected battery charges, are
only some few examples of technological devices which incorporate grid-connected
converters. In addition, one aspect within grid-connected converter is the current control.
Current controls of grid-connected converters is one element of vital importance as well.

Thus, this book theorizes around two specific current controls of three phase grid-
connected converters. Current control of three phase grid-connected converters, can be
made in a stationary reference frame, or often called also as «of reference frame.
Alternatively also and probably more extended in industry, current control can be made in
a synchronous rotating reference frame, or often called also as dg reference frame.

Therefore, this book develops the mathematical equations describing the behavior of
the controlled currents in a stationary reference frame (af) of three phase converters. These
mathematical expressions in aff frame are derived, for the following well known and
already well stablished current controls: current control with resonant controllers in
stationary reference frame (¢f) and also, for current control with PI controllers in
synchronous rotating reference frame (dq). Although these mathematical equations are
already developed and quite commonly used for current controls in aff frame, it is not easy
to find them for current controls in dq frame, if they exist.

Moreover, it is important to highlight that the mathematical equations derived in this
book, are expressed in ‘s’ domain after applying the Laplace transformation. This fact allows
employing all the classic control theory tools, such as: pole-zero maps, frequency domain
analysis, time domain responses to different inputs, etc... In addition, thanks to the
knowledge of these mathematical equations in a common mathematical framework (ap), it
is possible to for instance: compare both current control methods at the same reference
frame, easing comparative analyses.

Thus, after deriving the mathematical equations of the mentioned current controls,
these equations are experimentally validated in a laboratory set-up. Finally, the last two
chapters of the book introduce further analysis such as: effect of delays and performance of
the current controls in weak grids. To conclude, the appendix summarizes the most
important mathematical developments to derive some useful expressions.

Keywords: AC grids; analytical modeling; current control, grid-connected converter, pole-
zero maps, frequency response, time domain dynamic response.



Contents

Chapter 1. Introduction ..............coiiiiiiiiiiiiii 8
Chapter 2. Control of currents in stationary reference frame (af control).............. 11
2.1. Mathematical model with an step iNput...............cooviiiiiiiiiiiiiiiii e, 12
2.2. Mathematical model with sinusoidal and cosenoidal input...................oooeviini. 17

Chapter 3. Control of currents in rotating reference frame (dg control) with

cancellation of coupling terms............coooiiiiiiiiiiiiiiii 23
3.1. Mathematical model in dq.................cooiiiiiiiiiiiiii 24
3.2. Mathematical MOdel i QUf...........ccovuiuiuiriii i 27
3.3. Mathematical model in aff with an step input ..............ocoocoiiiiiiiiiii 28
3.4. Mathematical model in aff with sinusoidal and cosenoidal input ......................c..... 35
3.5. Bode DIAGIAI ........ovviiiiiii e 40

Chapter 4. Control of currents in rotating reference frame (dq control) without

cancellation of coupling terms ............cooiiiiiiiiiiiiiiiiii 44
4.1. Mathematical model in af with a step input .............coooiiiiiiiiiiiiiiiiiii 45
4.2. Mathematical model in a8 with sinusoidal and cosenoidal input ............................ 52
4.3. Bode DIaIam .............ouuiiiiiiiiii e 58
Chapter 5. Comparison and analysis .............ccoooiiiiiiiii 61
Chapter 6. Experimental validation of the analytical models ............................ 68
Chapter 7. Inclusion of delay and filter at current measurement ........................ 73
7.1. Control of currents in stationary reference frame (a3 ) for step inputs ...................... 73

7.2. Control of currents in rotating reference frame (dq) with cancellation of coupling current
terms for Step INMPULS ..ot 76

7.3. Stability analysis of both controls: pole location for step inputs ....................ccoent. 81



Chapter 8. Step response analysis in a weak grid ........................ 84

8.1. Control of currents in stationary reference frame (o3 control) with a PLL tuned dynamically
SLOTD oo 85

8.2. Control of currents in syncronous rotating reference frame (dq control) with a PLL tuned
Aynamicallly SIOW ...........oooviiiiii 87

8.3. Control of currents in stationary reference frame (o control) with a PLL tuned dynamically

JASE e 89
Chapter 9. CONclUSIONS .........coouiiiiiiiiiiiii 97
Appendix A. Step inputs in control at stationary reference frame (af3) ............ .99

Appendix B. Sine and cosine inputs in control at stationary reference frame (of)..101

Appendix C. Step inputs in control at synchronously rotating frame (dgq) with
cancellation of coupling terms .............oooviiiiiiiiiiiiiii 103

Appendix D. Sine and cosine inputs in control at synchronously rotating frame (dq)

with cancellation of coupling terms ... 110
Appendix E. Numerical conditions for simulations ............................ 114
Appendix F. Experimental platform ................coooo 115
Appendix G. Space VeCtOTS .......o.vviiiiiiiiiiiiiiii 116
REEIENCES ...ttt 118



Chapter 1: Introduction

Chapter 1.

Introduction

When a historic evolution of different technologies is analyzed under detail, it is often
seen that first, the more technical, rudimentary or manual technological devices are
developed, while then, after the technological devices are well stablished and used by many
people, a more scientific knowledge is applied to them for further improvements,
understanding or even evolutions [1].

In the field of knowledge of control of power electronic converters connected to the grid
or even in the field of knowledge of control of electric machines, it is possible to see an
analogous behavior or tendency [1]. Since the first closed loop controls applied to electric
machines were developed by pioneers K. Hasse and F. Blaschke in 1968-1972 [2], i.e. the so
called ‘vector controls’, many authors have made a huge number of uncountable
contributions or improvements to these original vector controls algorithms: theoretical
analysis, analytical model equations describing its behavior, tuning methods of the
regulators, discrete analytical models, improvements for compensation of delays, advanced
estimators or observers to deal parameters uncertainties, sensorless controls, transient
analysis, steady-state analysis, inclusion of active damping functionalities, etc... Many of
the most representative of these improvements, or further studies for vector control
techniques either applied to electric machine control or grid connected converters control,
are already incorporated and covered in many specialized books such as: [2], [3], [4], [5], [6],
[7], [8].

Thus, in the specific field of the grid-connected converters control, some of the most
pioneering and important references addressing this issue in book formats are [9]-[10],
although probably some leader companies also implemented previously, or in parallel,
these type of grid connected converters. Since the first years of their existence, three phase
grid-connected converters were controlled by means of vector control techniques [9]-[10]-
[11], where the currents were controlled in a synchronous rotating frame (dq) by means of
PI controllers. In this case, the controlled currents seen by the PI regulators at steady-state
where dominantly constant (an amount of ripple is superposed due to the converter’s
switching). Or alternatively also, resonant controllers were also used to control of grid
connected converters [12]-[13], controlling the currents in abc or af stationary reference
frames (control 2 phases instead 3). Therefore, the current seen in this case by the resonant
regulator was dominantly sinusoidal at steady state (an amount of ripple is superposed due
to the converter’s switching) [7].

With this historical conditioning panorama, it can be affirmed that nowadays, either in
industry or research, most of the current vector controls of three phase grid connected
converters, are made by using PI controllers in synchronously rotating reference frame (dq)
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Chapter 1: Introduction

or with resonant controllers in stationary reference frame (of) [8]. In addition, it can be
observed that there is a clear and natural tendency to use mathematical models for analysis
in stationary reference frame (¢f3), obviously in controls with resonant controllers. While in
controls with PI controllers, the mathematical models for analysis are more often developed
in synchronous rotating reference frame (dq), even if the final resulting or real currents
exchanged between the grid and the power electronic converter are actually sinusoidal [7].

Thus, what in this book is developed are the mathematical equations in stationary
reference frame (of), for both controls: current control with resonant controllers in
stationary reference frame (¢of) and also for current control with PI controllers in
synchronous rotating reference frame (dg). Part of the mathematical equations developed in
this book for the controls in ¢f frame are probably already derived [8], however,
developments in this direction for controls in dgq frame are less [13]. Thus, in this book a
common and solid mathematical model for both controls is developed, allowing to dispone
a powerful and global tool for further developments, studies or analyses. This common
mathematical framework or mathematical model, allows for instance:

- Compare both control methods at the same reference frame, easing comparative
analysis.

- To know mathematically the transient and steady state responses to different
inputs, of both controls, in a common stationary reference frame (/).

- To understand the frequency analysis of both controls, in a common stationary
reference frame (ap).

- With this mathematical tool, it helps to do analysis of performance of both controls
in a common stationary reference frame (af) such as: pole locations, modelling
delays, modelling PLLs, modelling interactions with other power electronic
converters connected in parallel in the vicinity of the grid, etc... [14]

Finally, summarizing the book is divided into the following chapters: chapter 2 develops
the model equations of a control of currents in stationary reference frame (af). Then chapter
3, develops the model equations of a control of currents in synchronous rotating frame (dq)
with cancellation of the coupling terms. Chapter 4, analyzes the same current control
method but without cancelling the coupling terms. Note that control of currents in dg can
be made with or without cancellation of coupling terms and therefore, a deep mathematical
analysis of both options in carried out in the book. Then, a short comparison between the
controls analyzed is presented in chapter 5, while in chapter 6, the experimental validation
of the mathematical equations is provided. Finally, chapters 7 and 8, introduces further
analysis such as: effect of delays and performance of the controls in weak grids. To conclude,
several appendices summarize the most important mathematical developments to derive
some useful expressions.

Therefore, in Figure 1 (a), a schematic is depicted of the converter connected to the three
phase grid. As depicted, there may be many functionalities or applications where this
converter can be used; reactive power compensators, active filters, wind turbines, etc... In
all these cases in general, a current control is typically used, trying also to fulfill some
standard or norms. At the AC side, a filter is necessary that for simplicity in this book, a
purely inductive filter has been adopted with its corresponding parasitic resistance. Then at
the DC side, depending on the application where this converter is used, there could be
connected a battery pack, or another converter or even to nothing. Finally, commanding the
current control, depending again on the application, there may be another control level,
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Chapter 1: Introduction

generating the current references ii(t) and i4(t). For simplicity, this book is focused on the
current control and no attention is paid to how the current references are generated, because
it strongly depends on the application itself.

Grid connected
converter

Optional
transformer
\
a AC -To Battery Pack
AC grid b R -To other converter
c
-To nothing (Reactive
Filter DC Power Compensator,
Active filter, etc...)
-Reactive Power Compensators
-Active filters _— 1
-Wind turbines (Full power and
DFIG) ( P Current Control
-Photovoltaic and solar applications.
-Reversible battery chargers. i) ig"(t)
-Reversible AC Drives.
-HVDCs. High Level Control
-etc... (Application dependent)
(a)
i(t) R L i5(t) R L
—_— —_—
+ + + +
Veonve(t) Vge(t) Veonva(t) Vgs(t)
(b)

Figure. 1. (a) Grid connected converter operating with current references in dq reference frame;
ias"(t) and igs'(t), (b) Simplified equivalent electric circuit in f reference frame.

After this, in Figure 1 (b), the off equivalent power circuit is depicted [7]. Note that simply
is composed by the grid voltage vso(t) and vgs(t) that in the first analysis of this book is
supposed ideal (strong, with a neglectable series equivalent impedance). Then the
equivalent impedance RL of the filter is also present, while finally the voltages created by
the converter are also present. These voltages vemo(t) and venes(t) are automatically
generated by the corresponding current control method employed. For simplicity in the
analysis, this book derives all the mathematical expressions in a af stationary reference
frame. Note that the three components could be also used, abc, however the results and
conclusions would be equivalent.
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Chapter 2: Control of currents in stationary reference frame (af control)

Chapter 2.

Control of currents in stationary
reference frame (af control)

The control block diagram is depicted in Figure 2, [13]. The current control is effectively
implemented in stationary reference frame (/) by using two resonant controllers, called
PIR(t). A typical resonant controller configuration in ‘s’ domain is [15]:

k;s 1
PIR(s) =k, + — 1)
® I

Being ky and ki the gains of the regulator that must be tuned and o the grid frequency at
which the resonance of the regulator must be tuned.

As shown in previous chapter when contextualizing, in most of the applications the current
references i4'(t) and i;'(t) are created in rotating reference frame (dg), therefore the rotational
transformation is required together with the angle of the grid voltage [7]. Then, at the output
of the regulators, often a feedforward term of the grid voltage is added (not strictly
necessary, but recommendable as will be seen), obtaining thus the voltage references that
will be applied by the VSC converter veome(t) and veomplt).

ia”(t) i () + S Veonval(t)

) io iut)
iq (t) € . + Veonv(t)

Z ig (t) ?_. PIRE
i)

9:w~tI

PLL

[

Voul) Vgs(t)

Figure 2. Current control block diagram in stationary reference frame (o) with two resonant

controllers.
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Chapter 2: Control of currents in stationary reference frame (af control)

This control block diagram, can be represented as an equivalent ‘black box” either in time
domain and also in ‘s” domain, as shown in Figure 3.

id*(t) _+> —VCE"VD!(t) |d*(5) + Veonva(S)

B Control ) —> Control .

Iq (t) | ¥ Vconv/i(t) |q*(5) + VCO"Vﬁ(S)
io(t) is(t) IaL) IJ(S)

Figure 3. Current control blocks in time and ‘s” domains.

The aand S components of the converter voltages, considering the grid voltage feedforward
terms, are mathematically represented in time domain as follows (‘®’ is the convolution
product):

Voo ®) = (i, (©)-cOs(@t) i, (1) -sin(et) ) ® PIRE) ~i, (1) ® PIR(X) +,,, (1 (2)

Voo (1) = (i (1) -sin(et) +i," (1) -cos(ct) | ® PIR(t) ~i, () ® PIR(t) +V, (1) (3)

Note that the harmonics created by the converter are neglected. This is only a first
component harmonic model and the voltage harmonics generated by the specific converter
topology employed, together with its corresponding modulation technique are assumed to
be zero.

2.1. Mathematical model with an step input

Considering step inputs at at both I:'(s) and I;'(s) and assuming that the grid voltage is ideal,
i.e., assuming no angle phase shift and @ constant, the previous time domain expressions
can be transformed into the ‘s’ domain as follows (see appendix A for detailed mathematical
development) [13]:

kis k,s” k,s® .
Vconva(s) :_(kp +m] |a(S)+ 2 L + 2 Id (S)

s* + o (52 +a)2)

k ws a)kis2 .
- 5+ = 1, (89)+V,,(5)
S +o (Sz +a)2)
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Chapter 2: Control of currents in stationary reference frame (af control)

ks k, s wk;s? .
e e 2o {35 2

2 ®)
+ zk”S - ks 17 (9)+V,, ()
S"to (sz+a)2)

Being these expressions only valid for a step input at both Ii'(s) and I,(s):

. I,
() =L RCE

|I*|

qa
S

(6)

The closed loop expression can be derived by using the electric circuit of Figure 1, where
holds:

Vo =V, 0 =R -1, 0L ) 7)

.
s OV O = RoE 0+ L2

(8)
And therefore, the ‘s’ domain equations of the power circuit are:
Vi (8) ~Vgo (8) = 1,,(5) (R + Ls) )
Vs (8) =V (8) = 15(s)-(R+Ls) (10)

Combining these expressions with the voltage applied by the control in equations (4) and
(5), the closed loop current expression yield (appendix A):

B kis s *rey ks @S |, 11

Ia(s)—(kp+—Sz+w2j(—A(S)]ld (s) [kp+sz+w2j(—A(s)j|q (s) (11)
B ks @S ), « k;s s* ), - 12
I”(S)_(kp+32+w2j[_A(5)jld (s)+(kp+sz+w2j{—A(s)j|q (s) (12)

Being:

AS)= L™+ (k, +R)S" +(Lo" +k)s +(k, +R)o’ (13)

Therefore, the output currents off can be compactly represented as follows:
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Chapter 2: Control of currents in stationary reference frame (af control)

1,(5) =Gy (5)-1,"(5) + Gy (8)-1,°(5) (14)
1,(5) =Gy (5) - 157(5)+ G, (5):1,7(6) (15)

Being Gui (s), G (s), Gpi(s), Gpi(s), easily deduced from correspondence of equations (11)
and (12). These last equations are graphically represented in Figure 4.

|d*(S)

G,q(s) 1)
+ oS
1(s *
q(s) d G.u(5)
) Gﬂd (S) }ﬂ
. S
Gy ()

Figure 4. Equivalent block diagram of the ¢ control of the currents.

Note that if not voltage feedforward term would not have been used, the closed loop
expressions would also depend on the grid voltage as follows:

B ks V[ 8% ), vy ks V[ @8 ) < [S°+0° 16
Ia(s)—(kp+sz+w2j£A(s)jld (s) (kp+sz+w2j£A(s)j|q (s) [ AS) jvga(s) (16)

B ks [ s ), - k;s s ), v [ St 17
|ﬂ,(s)_[kp o +a)2j[A(S)JId (5)+(kp o sz(A(S)}q (s) (—A(S) jvg,,(s) (17)

Nevertheless, continuing with the analysis, from expression (11) and (12), substituting in
both inputs a step (equation (6)), the output currents yields:

| (s)= k,s®+ks® +k a’s e k,ws® +kws +k o’ q (18)
“ (s* + @?)A(s) ¢ (s? + w?) A(s) a
2 3 3 2 2
| (s)= k,ws® +Kos + Kk @ 0+ k,s” +kis® +k, s | (19)
7 (s? + w?*)A(s) (s? + w?*)A(s) a
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Chapter 2: Control of currents in stationary reference frame (af control)

Expanding the denominator:

| (5)= k,s® +ks® +k o’ N
“ Ls® +(k, +R)s* + (2Le” +k)s* + 20° (K, + R)s* + (Lo’ +k)o’s + @’ (k, +R) | 20)
kpa)s2 +kia)s+kpa)3 N
Ls® +(k, + R)s* + (2Lo" +k;)s* +20° (k, + R)s* + (Lo’ +k)o’s + 0 (k, +R) |
k ws? +kws +k o’ .
,(s) = : ' : [y |
’ Ls® + (k, + R)s* + (2Lo® +k,)s® + 20° (k, + R)s* + (Lo’ + k )o’s + &* (k, +R) 21
k,s® +ks® +k 0’ ™
Ls® + (k, +R)s* + (2Lo" +k)s* + 20° (k, + R)s* + (Lo’ +k)o’s + o' (k, +R) |

By using a partial fraction expansion and applying the inverse Laplace transform, the time
domain expression of the output current can be obtained (only ix(t) current is shown, igt)
would present an equivalent form):

i, () =((By)- & +(2-B,)-€* -cos(a,, -t +arg B) + (2-B,) -cos(w -1))[1,”| 22)

+((B,)-e™ +(2-B,)-e™ - cos(ay, -t +argB,) +(2-By)-cos(w -t+7/2))|1, |

It is seen that the i,(t) current time domain response to the input steps, is composed by the
‘forced response’ or ‘steady state response’, which are two cosine terms:

(1,7]-2-B,)-cos(w -t) (23)

(1,1-2-By)-cos(e -t+7/2) (24)

While the rest terms are pure exponentials or combinations of exponentials and cosine
terms. All these terms are made zero at steady-state, if the system is stable, i.e., if all ov, o1,
o2, osare negative. These terms are often called the ‘natural response” and conformate the
transient response of the system.

All the constants present in equation (22), Bo, ov, ... can be easily numerically derived for
instance using the ‘residue’ from Matlab Control Toolboox. Table I shows an example of
numerical solution.
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Chapter 2: Control of currents in stationary reference frame (af control)

Table I. Numerical solution of expression (22) by using the the ‘residue’ function from Matlab
Control Toolboox. Conditions of Appendix E.

Bo=-6.529590130061056e-01

B3 =-5.01688890365927%-01
ov = -4.088851233797501e+02

o3 = -4.088851233797501e+02

Bi= 3.513965304953767e-01 Bs=3.161931338686155e-01
o1 = -4.805743831012502e+01

o = -4.805743831012502e+01
i1 = 3.458129312915602e+02 wis = 3.458129312915602e+02
argBi1 = -2.087253535142668e+00 argBs = -6.545422830740641e-01

B2=5.0000e-01

Bs=5.0000e-01
®=3.14159e+02

w = 3.14159%¢e+02

Thus, the transient response is depicted in Figure 5. The time domain response provided by
the mathematical model of expression (22) is superposed to the Simulink block diagram

depicted in Figure 5. It is seen an exact correspondence of both time domain responses to
the step inputs.

™ on d iaffa_ref

cos(u(3))*u(1)-sin(u(3))"u(2)
ialfa_ref
L h |
sin(u(3))'u(1) + cos(u(3)u(2)

ibeta_ref

(a)
Solid: Simulink blocks
Veony off Dashed: Mathematical model

H Solid: Simulink blocks 1
lop I o natural response

.
1 \ 05!
0

' \ O e
' \ -
{ \ \ o FoN P BT e i e
AR ~
1 / os5f N
-1 2 1
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1

(b)
Figure 5. off control of currents. (a) Simulink model for evaluating the Step response, of the af

control of the currents, (b) Time domain unit step response at both inputs Ii'(s) and I;'(s). Conditions
of Appendix E.
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Chapter 2: Control of currents in stationary reference frame (af control)

Finally, the poles and zeros of the expression (11) are also depicted in Figure 6. Note the

correspondence with the poles and the constants of the time domain response of equations
(22).

Pole-Zero Map -
400 - R Pole-Zero Map

300 © ©
300
& 200 -~
. 20
H 00 £
100k
S S 100
8 3
z o
2 0 X © 2 0 ©
< 2
>
§-100f £ 100
S £
g )
£ 200} £ 200 1
-w -0
-300 o e -300 o '
} 0
_400 - 400
-500 -400 -300 -200 -100 0 100 500 -400 -300 200 -100 0 100
) -
Real Axis (seconds™) Real Axis (seconds™')
(a) (b)

Figure 6. Poles for I«(s) of expression (11), for the aff control of the currents and step inputs.
Conditions of Appendix E.

Note that the poles and the zeros of equation (11) appear directly in the time domain
expression (22). Thus, the real part of the poles are the o constants of the exponential terms.
Then, the imaginary part of the poles are directly the e, of the cosine terms. While the phase
shifts of the cosine terms (argBi, argB:...) and the amplitudes (Bi, B:...) come from the
combination of the poles and zeros.

In addition, although it is not covered in this book, ramp responses could be also evaluated
as done in many classic control books [16]. However, in this book, sinusoidal input analysis
is carried out in the following chapter.

2.2. Mathematical model with sinusoidal and cosenoidal input

Now considering sine and cosine inputs at Ii'(s) and I;'(s) respectively and again assuming
that the grid voltage is ideal, i.e., assuming no angle phase shift and @ constant, the time
domain expressions (1) and (2) can be transformed into the ‘s’ domain as follows (see
appendix B for detailed mathematical development):

ks 1)(s’+ o o+ o - N
Vo =+ 0 (3 T e i

, , (25)
_(lj[s + o, }[ : o+ __ o - Zjlq*(s)}rvga(s)
2 S S“+(w+w)° S+ (v —-o)

17



Chapter 2: Control of currents in stationary reference frame (af control)

k;
Vconv/i (S) = (kp + 24

S
2

1\ s*+@° s s .
® J[_I”(SH[EJE o, ][sz+(a)1—co)2_sz+(a)1+co)2jld ®)

1 s? +a112 S S .
J{Ej[ S J(Sz + (o, + w)? S +(a)1—a))2jlq (S)}Vgﬁ(s)

Being these expressions only valid for a sine and cosine inputs at Ii'(s) and I;'(s) respectively:

(26)

O sinet) 5 1) =2 1] (27)
S+

. * * S *

i, @) =1, |-cos(@yt) > = (28)

1

It has to be highlighted that sine and cosine inputs have been chosen for being as general as
possible. Note that it could be also chosen at the inputs, for instance; sine and sine, or cosine
and cosine, or cosine and sine. Then, combining these last two expressions in ‘s” domain,
with the power circuit model equations (9) and (10), the closed loop expressions of the
currents can be obtained:

1,(s)= kos" s ko [lj s+ o “ro  Gro 7 (s)
e A(s) 2 o) S+ (w+0) S+(w-w)? )"

~ k,s* +ks+k o’ (lj s’ +af oto -0 1*(9)
A(s) 2 S S +(o+w) Sf+(o-w))]"°

1,(s) = k" +his ko’ (lj Sray’ ) > + > Iy (s)
s A(s) 2\ o 2+ (o +w) SP+(o-w)? )|’

k52+kiS+|( @ V(1) s% + w2 S S .
+ |- P = ! + 1.7 (s)
u A(s) ](2)( s j[sz +(o, + ) $°+ (o - ) ]J K

Being these expressions only valid for a sine and cosine inputs at I:'(s) and I;'(s) respectively.
As done in previous chapter, it is possible to define Guis(s), Gas(s), Gpis(s), Gpis(s) for
previous two expressions, representing directly the transfer functions.Then, by substituting
the sine and cosine inputs at Ii'(s) and I;'(s), we obtain the output current expressions:

| (5) = [ KeS s e (lj QRO ATe
«T A(s) 2\ S+ (o +w)? P +(w-w) )| °

k,s? +kss+k o |1 o+ ) |-
- A(s) (E][ser(wﬁw)z_sz+(a)l—a))2J o

(29)

(30)

(1)
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Chapter 2: Control of currents in stationary reference frame (af control)

| () - k,s® +ks+k o )1 S s L
5(8)= A(s) (Ej(_sz+(a)l+a))2+52+(a)1—a))2J e

k s?+ks+k o’ (1 s s .
+ |2 b = + [,
([ A(s) j(Zj[SZ +(o, +0)  $*+ (0, - ) J] I

Or expanding into two factors:

s — ks> +ks+k,@® (11,7 |1, ] o+
()= A(s) 2 2 s + (o, + 0)*
k,s? +kss+k,? (11,7 11,1 0, (33)
i AGs) > "2 |\ (o—-0)

| ~ k,s® +kis+k @ Y111, | |1, ] s
p(9)= A(s) (Ej 2 2 [sz+(a)1+a))2]
kos® +ks+k,o® Y1111 |1, s

’ A(s) (Ej 2 2 (sz+(a)1—a))2]

(32)

(34)

Which is how the Bode diagram originally is defined in every classic book as for instance
[16]. Since A(s) is composed by poles with real negative parts, they present an exponential
factor at the time domain response that is made zero at steady-state. Therefore, the output
current I,(s) at steady-state is composed by the addition of two sinusoidal terms of
frequencies @i+ and @-w and their amplitudes and phases, are calculated by substituting
s=j(ewtan) and s=j(@-a1) and calculating the module and phases in (33). While the same occurs
with I4(s) that is excited by cosine inputs, as we have chosen seeking a generalist analysis.
By focusing only on I.(s) current now, the steady-state two terms’ amplitudes and phases,

are calculated by substituting:

k s?+ks+k o’ 1"
s=j(o,+w) N { p s HK,@ j[lld | | ; |J

A(s) 2
_ (k s2+ks+k wZJ(||*| ||*|J (35)
s= j(o, - ®) - 2 £ —
AGS) 2 2

Expanding considering A(s):
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Chapter 2: Control of currents in stationary reference frame (af control)

_ k,s* +ks+k o’ I
s=j(o + o) - 5 5 5 5 -
Ls*+(k, +R)s" +(Lo" +k)s +(k, +R)o 2 2
k s°+ks+k o N (36)
s=j(o,-w) - 3 g Iz o 2 & |+| - |
Ls”+(k, +R)s" +(Lo” +k)s +(k, +R)o 2 2

What means that the two sinusoidal output currents, can be evaluated in terms of amplitude
and phase by applying for instance ‘Bode function” of previous expression (36) in a
programs such as Matlab. Numerically, this means that for instance by choosing (note that
the frequency at which the Bode is wanted to be evaluated is wr):

01, sin@) - i, ()=1sin(250-2-7-1) (37)

iq*(t) =0 N [17=0 (38)

q

At the output current i, t), we obtain 0.187A at 200Hz and 0.127A at 300Hz, which
corresponds with 14.5dB y -17.9dB and with obtained at Bode of previous expression (36) as
noticed in next Figure 7.

Selected signal: § cycles. FFT window (in red): 1 cycles Bode Diag;

Fundamental (S0Hz) = 0.0001762 , THD= 128714.82%

Frequency ¥ (Hz)

Figure 7. Time domain and Bode correspondence for the ¢ff control of the currents. Conditions of
Appendix E and: " (t) =1-sin(250-2. z-t), i, (t) =0

On the other hand, by using a partial fraction expansion and applying the inverse Laplace
transform, the time domain expression for sinus and cosines inputs of the output current

can be obtained from expression (31) (only i4(t) current is shown, igt) would present an
equivalent form):

i, (t)=
((BO)~e“°t +(2-B;)-e -cos(@,, -t +argB,) +(2-B,)-cos((w, + @ ) -t +arg B,) +(2-B,)-cos((w, - @ ) -t +arg Bz))| (I (39)
+((B,)-e7 +(2-By)-e™ -cos(es -t +arg By) + (2- B;)-cos((, + @ ) -t+arg By) + (2-B,)-cos((@, - @ ) -t+arg B,) | 1, |
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Chapter 2: Control of currents in stationary reference frame (af control)

All the constants present in this last equation, Bo, Bs, etc... can be easily numerically derived

for instance using the ‘residue’” from Matlab Control Toolboox. Table II shows an example
of numerical solution.

Table II. Numerical solution of expression (39) by using the ‘residue’ function from Matlab Control
Toolboox. Conditions of Appendix E.

q
Bo = 2.60333294897e-01 Bs=4.52013268064e-02
ov = -4.08885123379¢+02 o = -4.08885123379e+02
Bi= 2.69804207945e-02 Bs= 5.958132362346896e-03
argB1 = 4.24146388400e-01 argBs = 4.52277565853e-01
o1=-4.80574383101e+01 o5 = -4.80574383101e+01
i1 = 3.45812931291e+02 s = 3.45812931291e+02
B2 = 6.46561538423e-02 Bs= 6.46561538423e-02
argB2 = -2.94401826699¢+00 argBs = 1.97574386591e-01
ol+o=1.8849¢+03 wl+o=1.88495559215e+03
Bs = 9.53533539998e-02 B7= 9.53533539998e-02
argBs ==-2.85108949285e+00 argB7 = -2.85108949285e+00
ol-w=1.2566e+03 wl-w=1.2566e+03

Finally, the transient response to sinus and cosines inputs depicted in the following figure.
The time domain response provided by the mathematical model of expression (39) is
superposed to the Simulink block diagram depicted in previous Figure 5. It is seen an exact
correspondence of both time domain responses to the sinus and cosines inputs. Note that at
the time domain response, for the particular choice of inputs selected (
iy (t) =1-sin(250-2-7-t), i, () =0.5-c0s(250-2- 7)), the (wi+w) terms is zero as can be deduced
also in the resulting residuals of Table II.

V Solid: Simulink blocks Solid: Simulink blocks
convapf

Dashed: Mathematical model Iaﬂ Dashed: Mathematical model

2 0.5

7 ap f " p H " '

i Y A V) AR L ale 2t als sl , Bt A
WA A AL haniARARERREN iR
AT AN AN V '/ﬁ\ \ k\ VI ot ‘E'c 'ni!"uftl-q:':v'vi‘t!u 1."%'" J’I Jﬁ"h.i ;}.‘;!{""‘!&"':&'

VAR \,n f \". / FYTERY I Wit i it i
PSRV (R TR LTI iU W 'u‘?%.whl’w‘, W

A AR A A A A R A IR AR R vyl
2 -0.5
0 0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1

Figure 8. Time domain response for a sine and cosine input references of 250Hz at Is(s) (1 Amp)
and I;’(s) (0.5 Amp) respectively, for the o/ control of the currents. Conditions of Appendix E.
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Chapter 2: Control of currents in stationary reference frame (af control)

Finally, the poles and zeros of transfer function of expression (29) are depicted in next figure.
Note the correspondence with the poles and the constant terms of the time domain response.

2000

Pole-Zero Map

2000 -

Pole-Zero Map

Ce—— mto T ot o
1500 - d ) 1500 q ©
el oo L ——— oo
< 1000 P"‘ 1000
3 g
2
S 500 S 500
3 ox ] &
8 K
2  of x 2 or © "
x %z i
K
: ox < R
& -500 & -500
£ g
=) ©
3
E -1000 £ -1000
. (o-0) x e———(or-o)
1500 - [¢] -1500 - o 1
2000 ¢ (@t o)  — (ot o)
-2000 - - : : 2000 & . - ; ] N
500 400 300 200 oo 0 100 2000 -1500 -1000 -500 O 500 1000 1500 2000
Real Axis (seconds™") Real Axis (seconds ™)
(a) (b)

Figure 9. Poles of transfer function of expression (29), for the aff control of the currents with
sinusoidal current references. Conditions of Appendix E.

22



Chapter 3: Control of currents in rotating reference frame (dq control) with cancellation of coupling terms

Chapter 3.

Control of currents in rotating
reference frame (dgq control) with
cancellation of coupling terms

The control block diagram [7] studied in this chapter is depicted in Figure 10. The current
control is effectively implemented in rotating reference frame (dq) by using two PI
controllers. A typical and ideal PI controller configuration in ‘s’ domain is:

PI(s) =k, +-- (40)

Being ky and ki the gains of the regulator that must be tuned. The rotating reference frame
rotates at speed ®, the grid frequency. In most of the applications of three phase grid
connected converters, the current references is'(t) and i;'(t) are created in rotating reference
frame (dq). Then, at the output of the regulators, a cancellation of coupling terms is adopted
although is not strictly necessary [7]. After that, by using the rotational transformation the
voltage references are transformed into the stationary reference frame (o), obtaining thus
the voltage references that will be applied by the VSC converter venoo(t) and veomop(t). Often a
feedforward term of the grid voltage is added at the output [7].

i () + + + Veonve(t)

PI(t) L 3o—»
'iiu(t) 'iiqa)wL gt | v

i s oo . ? i, Veonl®)
(?i;; ia(t) ol
0=w-t —— Vga(t)
PLL w0
ia(t) "
eld
WO, PR P'()

Figure 10. Current control block diagram in rotating reference frame (dq) with two PI controllers

and cancellation of current coupling terms.

23



Chapter 3: Control of currents in rotating reference frame (dq control) with cancellation of coupling terms

3.1. Mathematical model in dq

This model has been widely studied in specialized literature, such as for instance [6] - [7],
so it will be shortly presented here. By using the equivalent electric circuit of Figure 11, the
following expression can be derived:

Vana ® =Ro1, 0+ L2 v -0 L0 (a1)
a0 |
Veomg 1) = R-ig () +L- ———+v  (t) + @ L-iy(t) (42)

Neglecting the transformations between reference frames, converter effect and some other
non-dominant phenomena, the closed loop expression in dg reference frame, can be
calculated from the union of the electric circuit equation and control represented in block
diagram of Figure 10, which holds:

e . _ di (t .

(i () =iy (©) ]® PI(t) + Vg () — 0 L (1) = R () + L- I:jt()Jrvgd(t)—a)-L-lq(t) (43)
e . . di, () _
[i," () =i, () [®PI®) + Vg () + - L-iy (1)) =R-i, () + L- gt +Vg (1) + @ L-ig (t) (44)
id(L R L L wiq(t) iq(L R L L wiq(t)

Veonva(t)

Figure. 11. Equivalent electric circuit of grid connected converter, filter and grid operating
with current control in dg reference frame.

In general, the d axis of the synchronously rotating frame is aligned with the grid voltage
space vector, making therefore zero the q component of the grid voltage, v4=0. Eliminating
the terms that can be cancelled in the equations, substituting the PI(f) equations and
applying the Laplace transform, the expressions yield:

[1,°6)- Id(s>]-(kp +k—si]= R-1,(8)+L-51,(5) (45)

[1,7(s)- |q(s)](|<p +'%J =R-1,(s)+L-s-1,(s) (46)

24



Chapter 3: Control of currents in rotating reference frame (dq control) with cancellation of coupling terms

Rearranging both equations, the transfer functions of each current control loop yields:

l(s)  Ii(8) (ks+k)/L
6 16O _52+Ms+ﬁ 47)
L

With this, it is possible to associate the denominator to the canonic second order transfer
function as follows:

le(s) _ la(s) _ (ks+k)/L (ks+k)/L
I (S) Iq;(s) 524_@54_% s’ +2fm s+w,” (48)

For a specified closed loop dynamic, it is possible to define the natural frequency a» and
damping & ratio as desired, by choosing;:

k,=20,L-R k=L (49)

Thus, the poles and zeros of the closed loop transfer functions are represented in Figure 12
for a given numerical example:

Pole-Zero Map

Imaginary Axis (seconds'1 )
S &6 &6 o o o o o
®» o »A N o o B o o

PN
S r
3

. . 1
-250 -200 -150 -100 -50 0
Real Axis (seconds'w)

Figure 12. Poles of transfer functions lu(s)/la*(s) and I4(s)/I;*(s) of expression (47), for control of
currents in synchronous reference frame (dq) with current coupling cancellation. Conditions of
Appendix E.

Thus, for a step input applied to both input current references Ii'(s) and I;'(s):

ld*(s)=¥ 1, (s) =

|I*|

q
S

(50)

the output currents yields:
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O L LR . TL S
s 2w s+ s(s* +28ms+07) (51)
k /L . k /L .
l,(s) = : I, |+ g | (52)

$2+28m,5+ s(s° +28m,5+0,”)

Applying the inverse Lapalace transform, the time domain current expressions are:

i () =1, P sin(a)n 1—§2t)+
,\1-¢?
k k 1 1-¢7 (3)
* i _ * i —Cont o3 2 -1 —
|14 |(_La)n2j [ 1 |[—Lwn2][—\/1_7e sm{a)n 1-£°t+tan [ ; JN

eg‘“sm( 1- zjt)

5 (54)
J{ —e 4”’"‘sin[a)n 1—§2t+tan‘l[—“1;§ JH

i@ =1,

i

ﬁ
ek

Once the exponential terms are damped and assuming that the expression (49) has been

used, the steady-state expressions for the current yields:

*

id (t)tﬁoo :l Id* I and iq (t)teoc :l Iq | (55)

Thus, the step response in time domain is represented in the following figure. It is seen an
exact match between the mathematical previously deduced equations (53-54) and the ia(t)
and 7,(t) currents provided by the control block diagram. In the figure, it is also represented

the Bode diagram of the current transfer function (47).
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Tranformation dq2alfabeta

cos(u(3))u()-sin(u(3))"u(2) Q

N
g
alfa \Vgalfal
sin(u(3))*u(1p+cos(u(3))u(2)

voonvbeta 1
Q Ls+R

‘Tranformation alfabeta2dq ‘

(a)
dq
Id Bode Diagram
15 o
1 _,—. I % “10F
5
05l 220
| 5
o 2 s0r
0. 0.02 0.04 0.06 0.08 0.1
| q 40
0
15
=
1 <
@ -45
/ &
0.5 ‘ £
0 90 bt
0 0.02 004 006 0.08 0.1 10° 10 102 10% 10*
Frequency (rad/s)
(b) (c)

Figure 13. (a) Block diagram of control in synchronous reference frame (dg) with current coupling
cancellation, (b) time domain responses in dg reference frame, to a unit step input in 7:*(¢) and
i7*(t), (c) Bode diagrams of I«(s)/1s*(s) and I4(s)/1,*(s). Conditions of Appendix E.

3.2. Mathematical model in aff

This control block diagram, can be represented as an equivalent ‘black box” either in time
domain and also in ‘s” domain, as shown in Figure 14.
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WM - Veorua() 15(s) . VeornelS)

B Control ' — Control .

W® | ‘ o Ve lq'(s) . Venss)
ia(t) ixt) 1(5) 145)

Figure 14. Current control blocks in time and ‘s’ domains.

The aand f components of the converter voltages, considering the grid voltage feedforward
terms, are mathematically represented in time domain as follows (Note that the harmonics
created by the converter are neglected):

v, )= ([id*(t) ~iy () |®PI (t)) -cos(wt) —([iq*(t) ~i, @ ]®PI (t)) sin(at)
—w-L-i, (t)-cos(at) —@-L-i; () -sin(at) +v,,(t)

(56)

Vo () = ([id*(t) ~iy @) |@PI (t))-sin(a)t) —([iq*(t) —i, (©) |®PI (t))-cos(a)t)
—-L-i, (t)-sin(wt) +o-L-i; (t)-cos(at) +v,,(t)

(57)

Which is equal to:

Vo, (1) = ([id*(t) ~(i, (©)-cos(et) +i, (t)-sin(et)) |@PI (t)) -cos(at)

—([iq*(t)—(—ia (t)-sin(at) +i, (t)-cos(at)) |® Pl (t))-sin(a)t) (58)
—w-L-i, (t)-cos(at) —o-L-i, (t)-sin(at)+v,, ()

Veonss © = ([ 1" = (i, ©)-cos(@t) +i, (©)-sin(at)) |©PI(1))-sin(et)
—([iq*(t) ~(-i, @ -sin(at)+i, ()-cos(at)) |®PI (t)) -cos(at) (59)
—w-L-i, (t)-sin(et) +w-L-i; (t)-cos(wt)+Vv,,(t)

3.3. Mathematical model in of with an step input

Considering step inputs at at both Ii'(s) and I;'(s) and assuming that the grid voltage is ideal
or purely sinusoidal and assuming no angle jumps and @ constant, the previous time
domain expressions can be transformed into the ‘s” domain as follows (see appendix C for
detailed mathematical development):
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S +w s% + @?

V... (s) = —(kp +L2J Ia(s)+[(_“"-)52 +(kiw—w3L)} 1L,6)

k,s* k(s - ) koS  2mk.s? (€0)
! - * WK, *
+H o+ =y ()| 5—- — (1, (8)+V,(5)
s+ (52+w2) s to (sz+w2)
(~owL)s* + (k- a’L) k;s
Vconvﬂ(s)z_[ Sz+602 Ia(s)_ kp+32+602 Iﬂ(s)
k,ws  2wks? k,s°  ks(s? - (1)
i 2Oy | oS KSE @) g by ()
S+a (Sz+a)2) S+o (Sz+a)2)
Being these expressions only valid for a step input at both Ii'(s) and I,(s):
“igy 2 o | crgy o | 62
Iy (s)= ; 1 (5) =" (62)

As done in previous chapter, combining the last two control law expressions with the power
circuit electric expressions, it is possible to derive the closed loop equation for both o and 8
currents:

7 k(s =@®) ) s ), =y 2ks [ s ) - (~wL)s® + (ko — o’L) 63
Ia(s)_(kps+—sz+w2 J(A(S)Jld (s) (kp+sz+w2j[A(s)j|q(s)+[ A Jlﬁ(s) (63)

B 2k;s oS ) . k (s> - %) S )y ey (~wL)s® + (ko - a’L) 64
|ﬂ(s)_(kp+sz+w2J(A(s)J|d (s)+[kps+—sz+w2 ](A(s)jlq (s) [ A ]Ia(s) (64)

Being again:
A(s) =Ls® +(k, +R)s” + (Lo® +k)s +(k, +R)w’ (65)

Thus now substituting in both inputs a step, the output currents yields:

| (5)= [kp53 + kizs2 + I:paﬂs—kia;z ]l r _[kpwszz+ 2ki2a)s+kpa;3]| Iq* | +[(—a)L)sz +(kia)—a)3L)J 1,(s) (66)
(5" +»")A(s) (s"+ ") A(s) A(s)

L) = kpa)522+2ki2a)s+kpa;3 |ld*I+[kp53+kizsz+|:"wzs_kiwzjl |q*I—((_wL)sz+(k‘w_“’3L)J'a(S) (67)
(s*+ @) A(s) (s* + @) A(S) A(s)

Which is equal to:
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k,s*+ks? +k, 0% —k @’ ]“ y
d
Ls® +(k, +R)s* + (2Lw” +k;)s° + 20° (k, + R)s” + (Lo’ +k)o’s + o' (k, + R)

_[ k,@s” + 2k s + K &’ J“ ‘| (68)
q
{

Ls® +(k, + R)s* + (2Le" +k)s’ + 20° (k, + R)s” + (Lo’ +k)o’s + ' (k, +R)

(~oL)s* + (kw—-o’L) | (s)
Ls®+(k, +R)s’ +(Le’ +k)s +(k, +R)e” | *

L) ks + 2k ws + k o’ I
s) =
s Ls® + (k, +R)s* + 2Le” +k;)s* + 20° (k, + R)s” + (Lo® +k)o’s + &' (k, +R) ¢

k,s® +k;s? +k w’s — ko’ .
N T (TR + @La? 1k)5 + 2Pk +R)S + (L T K)as 1 (k. < R) || @ | (69)
s* +(k, +R)s" + (2Lo" +k)s” + 20" (k, + R)s® + (Lo" +k))@"s + @' (k, +R)

(~oL)s* + (k@ - &°L) L (s)
Ls® +(k, +R)s” + (Lo’ +k)s +(k, +R)o’ |

As can be noticed from the previous expressions, there is a coupling in o and . What means
that I.(s) depends on I4(s) and vice versa. This coupling, can be represented graphically as

in Figure 15.

4°(s) ++® 1(s)
Gap
Iq'(s) Gpa
N 14(5)
"y

Figure 15. Block diagram of the control of currents in dg with cancellation of coupling terms.

With equations developed up to this point, we cannot derive decoupled expressions that
connect the outputs (I«(s) and I4(s)) directly to the inputs (ls'(s) and I;(s)). In order to solve
this problem, a further mathematical development must be carried out. Hence, by renaming

the expressions (63) and (64) as follows:

1,(5) =G ()17 (5) + G ()1, () + G,y (5)1 5(5) (70)

1,(9) =G4 ()1, (5)+ Gy ()1, (8) +G, ()1, (5) (71)

If we combine both equations seeking to eliminate I,(s) from the second equation and Ix(s)
from the first equation, the decoupled input-output transfer functions can be obtained

easily:
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| (s -[ G @+Cu(©C, ), - o (Cua®+Cu($)C, ) - (72)
Tl 1-6,,(0G,(5) )¢ 1-G,,(s)G,(s) ) °

[ Gy (8)+G,4(8)G, (5) |, - G () +G,(5)G,,(5) ), . 73
"’(S)[ 1-G,,(5)G,. (5) ]"‘ (S)J{ 1-G,,(5)G,. (5) ]"‘ ©) 73)

The decoupled transfer functions are graphically represented in block diagram in next
figure:

l5°(s) G (8) + Gy (8)G,y (8)

1-G,4(3)G (s)

1
)

1-G,,(s)G, (s)

L

1- Ga/3 (s)Gﬁa (s) . L

G (8) + G (8)G (5)
1-G,;(5)G ()

19'(s) [G 1(8)+G . (5)G,,(5)

G4 (s)+ G, (s)e,;,((s)]

Figure 16. Equivalent block diagram of the control of currents in dg with cancellation of coupling

terms.

Focusing on I.(s) current and by solving these last expressions using a symbolic Toolbox
from Matlab for instance, it is possible to obtain for d input current:

Gl (8) +Ga (5)G,s (8) __ Y 'S*+Gpa*S" + G095 "S° + Gpap*S* + Gngs °S
1_Gaﬂ(s)Gﬁa(S) gs'56+gs'55+94'54+ga'53+gz'sz+g1's+go (74)

Being each coefficient of the resulting transfer function:
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gndszL'kp

Ungs =k," +R-k, +L-k

Ons = R-ki+2-k; -k,
gnd2:ki273-L-ki-a)2+kp2-a)z+R-kp-w2

gndl=—L-kp~a)"—F\’-ki~co2

ge:Lz

g, =2-Lk, +2-L-R (75)
9,=3-*-0" +2-k-L+R*+2-R-k, +k?
9;=2-R-k+2-k-kp+4-L-R-0’ +4-L-k, -0’
9,=3-* 0" +2-R*- 0’ +4-R-kp-0” + k> +2-k ? -0’
9, =2k -kp-@?+2-L-R-0* +2-L-k, - @ +2-R-k -@*
go=L"0°-2-L-k-0'+R* 0" +2-R-k, - 0" +k? - 0" +k* - &*
And for g input current:
Gaq(s)+Gﬁq(S)Gaﬁ(s) _ gnq4'54+gnq3's3+gnq2 'Sz-‘_gnql'S
1iGaﬁ(s)G/3a(s) gs'56+gs'35+g4'54+ga'53+gz'sz+gl’s+go (76)

Being the denominator’s coefficients, gs, g5, ... equal to the previous expression. While the
coefficients of the numerator are:

Onge =—(2:Lk, ) @
Ongs =—(K,” + Rk, +3-L -k )- 0

-
al

gnqz:_(Z'L'kp'w2+2‘R-ki+2-ki~kp).a) (77)
all

Ot = ki2+kp2-a)2+R~kp~a)z—L-ki-a)z)-a)

Thus, in next Figure 17, the poles and zeros of the system are shown, after substituting the
same numerical example used in previous chapter. It is seen that the real poles in
synchronous reference frame (dq) that are located in this numerical example at -217 and -
288, are directly translated to two complex conjugate pole pairs at the stationary reference
frame (af), with same real parts (same o of the exponential terms) and with imaginary parts
@:=314.1591d/s. Therefore, the time in which these poles are extinguished is equal (same o
of the exponential terms) in both stationary and synchronous rotating frames. Then, at the
stationary reference frame (o) there is another pair of conjugate imaginary poles, without
real part and with imaginary part @=314.159rd/s, which are the components that create the
steady-state current.
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Poles in synchronous reference frame (dq) Poles in stationary reference frame (o)
Pole-Zero Map

4 Pole-Zero Map

Imaginary Axis (seconds“)
Imaginary Axis (seconds")

A L L 4
-300 -250 -200 -150 -100 -50 0

-40 . . J
600 -500  -400  -300  -200  -100 0 100 200
Real Axis (seccnds'1)

Real Axis (seconds'W)

(a) (b)
Figure 17. Control in dgq with cancellation of coupling terms. (a) Poles in synchronous reference
frame (dq) of Iu(s)/1s*(s) and I4(s)/15%(s) of expression (47), (b) Poles in stationary reference frame (o5)
of expression (72). Conditions of Appendix E.

After this, by substituting step inputs at at both I.'(s) and I;'(s), the output a current results
in:

()= [ Ces )8 (16, () |11 [ Gua(5) +Ca ()G (5) 1, | (78)
T 1-G,u(5)G, (s) s 1-G,,(5)G,, (s) s

What is equal to:

4 3 2
| (S)( 9nas°S T 9n4a S +0ng3°S” +09n42°S + G ]“ *l
a - 6 5 4 3 2 d
OgS° +055° +0,-5' +0,°5+0, 57 +0, 5+,

(79)

3 2 1
+ gnqA's +gnq3'S +gnc|2'S +gnq1 || *l
6 5 4 3 2 q
Og-S +0s-S°+0,-5 +0,-5°+0,-5°+0,-S+0,

Note that the denominator is not altered compared to equation (74) and (76). By using a
partial fraction expansion and applying the inverse Laplace transform, the time domain
expression for step inputs of the output current can be obtained from previous equation
(79). Being the time response of the complete final expressions (only i.(t) current is shown,
ig(t) would present an equivalent form):

i, (t) = ((Z-BO)-e"Dl -cos(@,, -t +argB,) +(2-B,)-e™ -cos(w,, -t +arg B,) +(2-B,) - cos(w -t))| 1, (80)
+((2-B,) 7 -cos(ey, -t +arg By) + (2- B,) ™ - cos(ay, -t +arg B,) + (2- By) - cos(e -t+;z/2))| |

As done in previous chapter, in Figure 18, the Simulink blocks and the derived mathematical
expressions are compared, corroborating an exact match.
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‘con{u(3)}'uf 1 j-sin(ul3})u(2)

sinfu(3))"ul1)+cos(ui3)u(2)

08 (u{3)1"u(1 ein(u(3))ui2)

I i

~sin{u{3))u(1)+cos(u(3)) u(2)

|

(a)

Solid: Simulink blocks Solid: Simulink blocks H

2

1

AV AV

1
0 002 004 006 008 0.1

0.04 0.06 0.08 0.1 ) 0.02 0.04 0.06 0.08 0.1
(b)

Figure 18. (a) Block diagram of control in synchronous reference frame (dg) with current coupling
cancellation, (b) time domain responses in o reference frame of control in dq frame with current
coupling cancellation, to a unit step input in is*(t) and 7,*(t). Conditions of Appendix E.

Table III shows a numerical example of the constants obtained by Matlab by using the
‘residue’ function applied for equation (80).

Table III. Numerical solution of expression (80) by using the the ‘residue’ function from Matlab
Control Toolboox. Conditions of Appendix E.

d q
Bo = 1.960463118457156e+00 Bs=1.960463118457155e+00
argBo=3.141592653589781¢+00 argBs =-1.570796326794909¢+00
ov = -2.879436171968935e+02 o3 =-2.879436171968935¢+02
wdo = 3.141592653589789¢-+02 wds = 3.141592653589789¢+02
Bi1=1.460463118457152e+00 Ba=1.460463118457151e+00
argB1 = -1.593711439601920e-14 argB1=1.570796326794881e+00
o1=-2.170563828031064e+02 o1 = -2.170563828031064e+02
wd1 = 3.141592653589797e+02 oda = 3.141592653589797+02

B2 =4.999999999999996e-01

B5=4.999999999999988e-01
= 3.141592653589798e+02

@ =1.570796326794898e+00
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3.4. Mathematical model in aff with sinusoidal and cosenoidal input

Now considering sine and cosine inputs at Is'(s) and I;'(s) respectively and again assuming
that the grid voltage is ideal and purely sinusoidal, i.e., assuming no angle phase shift and
o constant, the time domain expressions (58) and (59) can be transformed into the ‘s” domain
as follows (see appendix D for detailed mathematical development):

Veonva (s) = 7[kp +%j |a(s) +[(_CUL)SZ + (kiw—aﬁL)] |/),(S)
S"+w

s+ @’

k 2 2 B )
S| ste : o +o e o - i

2 (o} S +(CU1+CO) S +(@1—a))
k sz+a)12 S s 25 )
2 + + I, (s 81
2)[ a)lz ](52 +(601+a))2 Sz+(a)lfa))2 52+a)2j 4 (9) ( )
k Sz+a)12 @, +0 o - )

2 2_ 2 2 Iq (S)

S s’ +(w +w)° 5+ (0 —-w)

=)

[ > > qu*(s)wga(s)

s*+ (o, +w)? 5+ (v, - o)

s? + 0’ s? + @?

ki \( s* + o} o+ o, — 20 .
1 2 2 2 2 2 2 7 |1g (s)
2 o, S“+(w+0) sTH(w-0) sT+o

anvﬂ(s):_(kp+ ks jlﬂ(s)—[(_mL)Sz +(kiw—w3L)Jla(S)

> > jld*(s) (82)

S+ (o —w)®  $*+ (o + o)

) o +o ) .
+ 1. (s)
( s j[ser(lerw)z 52+(60160)2J !

s s
+
"+ (o +w)* S+ (o -w)’

qu*(s) +V,,(s)

Being these expressions only valid for a sine and cosine inputs at Is'(s) and I;'(s):

i, (1) = 17| -sin(et) - 1, (s) =Szj‘_’—1wz| 1| (83)
1

i, (t) =1 1," |-cos(eyt) NRNCE ﬁ| 1| (84)
1

Then, combining these last two expressions in ‘s’ domain, with the power circuit model
equations, the closed loop expressions of the currents can be obtained:

(240D D(5)), + ey [(F+07)-Q,(5)), - (~oL)s? + (ko —a’L) 85
I”(S)_(—A(s) j'” (s) (—A(S) qu(s)+[ S jlﬂ(s) (85)
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1,(s) = (%J 1,°(s) + {%j |q* (s) _((—wL)s2 Z((:)Icg -&° L)] 1 (s) (86)

With:

D (S)— 52+w12 ki o +o + @, — 0 _ L S + S N ﬁ( s j
A 2 \Sr(@ra) SH@-a)) 2o )\S+(@ra) F+(@-o)) \o )\ 5+ (87)

Q. (s) = ko \(s*+ oto - +L s*+ @ s B s (88)
T2 s S+ (o +w)? S+ (o — o) 20, s 2+ (w0, —w)?  §%+ (o, + o)

And

D, (s)= s’ + ﬁ( ® )+k—" B s N s [ k o+t -0 (89)
’ o, o, )\ 8 + 0? 2 4+ (o, +0)? 5%+ (0, — 0)? 20, )\ % + (0, + 0)*  §* + (0, — w)?

_[s+of ) [k s s k; o+ ) 90
Q’B(S)_[ S ][(2](Sz+(wl+w)2+Sz+(a)1—a))2j+{2wj(sz+(a)l+a))2+Sz+(a)1—a))zﬂ ( )

Being again, these expressions only valid for a sine and cosine inputs at Is'(s) and I;'(s). By

representing these expressions in a more compact form:
1,(5) =G .1y (8)+Gyq (1. (5)+ G,y .1 ,(5) (1)

1,(5) =Gy 1y ()G 1, (9) 4G, L1, (5) (92)

It is seen that there is again a coupling between two output currents that influence one in
the other. Repeating again the same procedure applied in the previous chapter, the
decoupled input-output transfer functions are obtained:

Ia (S) — Gadis (S)+Gﬁd75 (S)Gaﬁis (S) Id*(s)+ Gaqis (s) +(3ﬁ1:|7s (S)Ga/jis (S) Iq*(s) (93)
1-G_(8)G, s (5) 1-G,4 ()G, <(5)

(G (9460 (98, s(9) ) o . (G (8)46,e ()8, .(9) ), - o1
'”(S)_[ 1-G,,.(51G,..(9) ]'“ (S“[ 1-6,, .96, (9 j"‘ © O

The decoupled transfer functions are graphically represented in block diagrams in next
figure:
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l5°(s) G s(S)JrG/m s(S)Gaﬁ <(8)

(s)G

aﬂs Pa _ s

4o 1us)

Iq'(s)

uﬂ s(S)Gﬂa s

1-G,, .(9G,, () 1 e
B

Gy s(8)+G,q_ S(S)G/m 5(8)
1-G,; (8)G,, (

Gy s(s)+Gﬂq (3)G,, s<s)]

L [Gﬂd () 4G, (5)G,, ,(5)

Figure 19. Equivalent block diagram of the currents control in dg with cancellation of current

coupling.

By solving I.(s) expressions using a symbolic Toolbox from Matlab for instance, it is
possible to obtain for 4 input current:

Gua_s(8)+Gyy (5)G,p s(S) gy S + Gngo S° * Gnas *S° + Guaa S + Gnaa *S° + Gz *S” + Guar =S + o
1_Ga/i S(S)G/fa s() gs~ss+g7~s7+g7~s7+gs~ss+g5~55+g4~s4+g3~s3+gz~sz+g1~s+go (95)

Being each coefficient of the numerator of the resulting transfer function:

gmﬂ:L'kp

gmG:kp2+R-kp+L-ki

Ogs =—2-L-K, - 0® +2-L-K, -0 +R-k +2-k -k,

Onaa = K7 —6-L-K; -caz—Z-L-ki-a)12+2-kpz-(012+2-R-kp-(ul2
gm“:4‘ki‘kp~a)12—2‘ki~kp~a)2+3~L~kp~a)"+L~kp~a)14—3~R~ki~a)2+2~R~ki~a)12—L~kp~a)2~a)12 (96)
U0z :7ki2~a)2+2-ki2-a)12+L-kl-a)"77-L-ki»a)2~a)12+L»ki~a)1"7kp-(u"Jrkpz-a)z-a)lz+kpsz14
-R-k,-0*+R-k, 0" o +R-k, -0
gm“:2-k,~kp‘a)14+R~kl‘a)l"—3~L~kp~a)4~(4)12—3~R~ki~a)2~a)12—2‘k|~kp~a)2~a)12

2

gndo:—kf»a)z-a)12+ki2-a)14+L-ki»a)"-a)lz—L-ki-wz-wld—kpz-a)"-a)12+kp2~a) a)l"—R-kp-a)"»c<)12+R-kp-a)2va)14

And the denominator:

ga=L2

g, =2-L-k,+2-L-R

O =40 +2--0® +2-k - L+R*+2-R-k, +k,?

gs=2-R-k +2-k, -k +6-L-R-0 +4-L-R-0? +6-L-k, -0’ +4-L-k, - @

9,=6" 0" +2.> 0" o +1* o' +2-L-k 0> +4-L-k -a)f+3-R<caZ+2-R2-(uf+6<R»kp<a)2

+4-R-k, o +kF+3-k,7 0 +2-k,7 - o

9, =4k, k-0’ +4-k, k-0’ +6-L-R-0*+2-L-R-0' +6-L-K,-0* +2-L-k, -0 +4-R-k -0 +4-R-k -0

g,=4L" 0" -2 0" 0’ +2 "0 a'-2-Lk o -8Lk o o +2-Lk o'+3 R 0
+R2-a)14+6<R~kp<a)4+2<R-kp-w14+2-k|2-a)2+2-kl2-w12+3-kp2-w4+kp2-w14

g, =2-k, -k -a)A+2>kp<k|-a)14+2-L<R<a)6+2-L-kp-w6+2-R-k| »(u4+2-R<kl-w14+2-L<R<(uz-a)l"—4-L<R<(u4-wlz+2-L-kp-wz-a)14
4Lk, 0" o —4-R-k-0" 0 -4k, -k -0 0]

g =020 0+ 0" 0 -2-L-k- -0’ +4-L-k 0" 0> -2-L-k-0" o' +R*-0°-2-R*- 0" 0 +R*- 0" -0 +2-R -k, - 0°
*4‘R‘kp‘w4‘0)12+2‘R‘kp‘0}2‘0)14+ki2'(UA*Z‘I(IZ‘Q)Z'&)12+k|2‘0114+kp2‘0)6*2'kp2'0]4‘[{)12+kp2'012'a)1A
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And for g input current:

7 6 5 4 3 2
Gy 2 (8)+ Gy c()G,s o(5)  Unar " + o +S° + G +S° + s S + Uy -5 + oy S+ Gy -5+ Uy

1-G,; (5)Gy, (5) _(g8458+g7457+gs~56+g5~55+g4~s4+ga-s3+gz452+glls+g0)-s (97)

Being the denominator’s coefficients, g1, g2, ... gs equal to the previous expression. While the
coefficients of the numerator are:

Or =—(2-L k,)-@

Grgs =— (K, + Rk, +3-L-k; )@

s =—(4-L-K, -0 +2-R-Ki+2:k -k, +2- LK, @)@

e =—(k?+2:K,2 0" +2-R K, 0 +2-L-k -0’ +4-L-k -0 ) @

Oz = (2kkw+2Lk ‘o' +2-R-k -0l +4- LK, 00 ) @ (98)
Oz = ( : —L-k-@'+3-L-k -0 -0 +L-k - +k Z-a) +k 2~{u -a)lszp2~w14+R-kp-a)AfR-kp-wz-w127R~kp~a)14)-w

Oogt = (2kka)1+2Lka)a)1+2Rkwa)l+2kkww1)w

Guo =—(Ki Ky 0” 0"~k -0 Lok -0 o + Lk 0”0 +k, -0y +kp-w2~w1"+R~kp~a)2-w14)-w

For current I4(s) the same procedure can be followed and an equivalent expression can be
obtained. For simplicity here, it is not shown. Thus, in next Figure 20, the poles and zeros of
the system are shown, after numerically substituting the same numerical example used in
previous chapter. It is seen again that two complex conjugate pole pairs, with real parts (o
of the exponential terms) of -217 and -288 appear and with imaginary parts «=314.159rd/s.
Then, there are two more pair of conjugate imaginary poles, without real part and with
imaginary parts a=w+©=1884.9rd/s and w=w-w=1256.6rd/s, which are the components
that create the steady-state current. Note also that there is a conjugate zero pair with
imaginary part e in both transfer functions, that is cancelled with the sinus and cosines
inputs’ poles with imaginary part .

Pole-Zero Map Pole-Zero Map
2000 T T T T sl 2000 T T ]
K—— otw X ——— ot
o . (]
1500 00 A 1500 - -w 1
0 - P
L e—— 10 5 (2
< 1000 - < 1000
3 d 3 q
g 500 g 500 1
2 x x o 2 X X0
P ofo 2 or p—
- X
< o < X x O
> x x >
® -500 @ -500
£ £ b
2 g ¢
£ 1000 - 1 E -1000
v e—— ~(1-w) 5 e——— (@)
-1500 pe} -1500 - 5 1
o o]
(ot o) — (ot o)
x
-2000 , : X -2000 . i : |
-400 -350 -300 -250 -200 -150 -100 -50 0 50 -400 -200 0 200 400 600 800
Real Axis (seconds'1) Real Axis (seconds")

Figure 20. Poles of transfer function of expression (93), for the dq control of currents with sinusoidal
current references. Conditions of Appendix E.
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Once the transfer functions have been obtained, it is possible to derive the output current
expressions. Hence, substituing a sine and cosine inputs at Ii'(s) and I;(s). The output «
current is given by:

|a(S) = Gad—s(s)+Gﬁd—s(S)G“ﬂ—S(S) 5 @, > | Id*l + Gaq_s(s)+Gﬂ¢|_s(s)Ga/1_s(s) _ S _ | Iq*l (99)
1-G,_s(8)Gy, s (5) s 1-G,, .(5)G,, ,(5) St

What is equal to:

5 4 3 2
| (S)— gndsi's +gnd47's +gnd37's +gnd27'3 +gnd17‘s +gnd07 || *l
a - 8 7 6 5 4 3 2 d
9gS +09;°S +0¢-S +05-S"+0,-S +03-5 +0,-5 +0,-5+0,

(100)

5 4 3 2 1
+ gnq57 °S +gnq47 'S +gnq37 'S +gnq27 'S +gnq17 °S +gnq07 || *|
8 7 6 5 4 3 2 q
9gS +0;°S +0g-S +05-S"+0,-S +03-S +0,-S +0,-S+0,

With coefficients of the numerator corresponding to the d input:

gnds_ =L‘kp‘(ul

Onga_ :a)l-kpz+R-a)1'kp+L'ki'a)1

gmi:R-ki-a)1-¢—2-k,-kp-a)1+L-kp-a)1372-L<kp<a)2-(u1

Onaz_ :kiz-a)176-L-ki-wz-a)lJrL-ki-a)13+kp2-a113+R-w13-kp (101)
Ooa1_ =2'ki‘kp‘a)13+R~ki~a)13—3-L‘kp-a)"-a)l—S-R‘ki-a)z-a)l—Z-ki~kp'a)2‘w1+L-kp-a)2~a)13

2.2 2 3 4 2 3 2 4 2 2. 3 4 2 3
Oo =K 0" o +k” o +L-k-0" o -L-K -0 o -k 0" o+k -0 o’ -RK -0 -o+RKk 0 o

Being obviously the denominator’s coefficients, g1, g2, ... gs equal to the previous expressions
of transfer functions (93) and (94). While for the g component, the coefficients of the
numerator are symbolically represented by:

gnq57 :_Z'L‘kp'a)

Opge =—0-K —R--k, =3-L-k o

Ongs_ :—Z.R.ki ) _2'ki 'kp'w_4'|-'kp'a)3
Qo =k 0-2: Lk 0" - Lk 0 20k 0F - 2.R-0P K, K0+ Rk, 00 (102)
Oy =2k k-0 0f ~2-L-k,-0° -2-Rok -0 =2:k -k, -0’

3

Ongo_ =k’ 0 -0’ -k’ -0 -L-k -0° o +L-k ~a)5—kp2~a)5+kp2-a) Aa)lz—R-kp~w5+R~kp~a)3~a)12

Finally, by using a partial fraction expansion and applying the inverse Laplace transform,
the time domain expression for step inputs of the output current can be obtained from
equation (100). Being the time response of the complete final expressions (only i,(#) current
is shown, i4(t) would present an equivalent form):

i, (t)= [(2- B,)-cos((@, + ) -t+argB,) +(2-B,)-cos((@, — ®)-t+argB,)
+(2-B,)-e™ -cos(m,, -t +argB,) +(2-B,)-e™ -cos(e,, -t +arg Bg)]l 1, 103)
+[(2-B,)-cos((@, + @) -t +argB,) +(2-B;)-cos((w, — w) -t +arg B;)

+(2-B,)-e™ -cos(m,, -t +argB,) +(2-B,)-e” -cos(m,, -t +argB,) || 1. |
(] 06 6 7 07 7 q
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To conclude, Table IV shows a numerical example for the previous time domain expression.

Table IV. Numerical solution of expression (103) calculated by using the ‘residue’ function from
Matlab Control Toolboox. Conditions of Appendix E.

d q
Bo =7.70087020305¢-02 Bs = 7.700870203052385¢-02
argBo =-2.9031908834e+00 argBa=2.3840177014250e-01
i+ =1.88495559¢+03 w+a- 1.8849555921e+03
B1 = 7.700870203052350e-02 Bs = 7.700870203052385e-02
argB1 = -2.903190883447285¢+00 argBs = -2.90319088344¢+00
-0 =1.25663706143e+03 -0 =1.2566370614e+03
B2 =3.476903109250930e-01 Bs = 6.373531952189007e-02
argB2 =0 argBs = -1.570796326794e+00
o2 =-2.879436171968e+02 os = -2.87943617196e+02
w2 = 3.141592653589806e+02 @i = 3.141592653589806e-+02
B3 =1.980290369248264¢-01 B7 =2.736412462371267¢e-02
argBs = -3.141592653589774e+00 argB7 =1.570796326794917e+00
o3 =-2.170563828031060e+02 o7 =-2.170563828031e+02
wis=  3.141592653589793e+02 wir = 3.141592653589e+02

Therefore, it is inferred that the transient response or damped terms, oscillate at
@:=314.1591d/s (poles with real parts of -217 and -288), while the steady-state (poles without
real parts) oscillate at ai+®=1884.9rd/s and wi-w=1256.6rd/s.

3.5. Bode Diagram

Once the transfer functions for sine and cosine inputs are obtained, from them it is possible
to derive the expressions for the Bode diagram. Hence, from equation (93), for simplicity in
the exposition, let us assume that the input I;'(s) is zero, what means that we only apply a
sinusoidal input at 1s'(s):

1-G,; ()G, (9)

L (s)= {Gm(so +Gﬁds(s)eaﬁs(s)J L (104)

Therefore, after substituting the sinusoidal input at Is'(s) the current yields:
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1,(s)=
[ o, +® ][ki_ K s ] (s? +0?)A(s) _[kp s +L] (8" +0")(o(-Ls" + (-0’L+k))) 0
s'r@+o) )\ 2 20(@+0))| As)+0? (Ls* +(0’L-k)) | (2 (@+0) 20| A (s)+o (LS + ('L —k)) ’
o -0 k, ki -s (s* + ) A(s) k, s k ) -*-(z)z)(a)(—Ls2 +(-0’L+ k.))) N
2 ol el 7|t o = (|1 (105)
st(@-o) )\ 2 200 -0) )| A(s)+a® (Ls* +(o’L- k) 2 (@-0) 20| p(s)+a? (L +(o’L-k))

N (5% + @) A(S) [5 s ]Il‘|+ (SZ+w2)(w(fLsz+(fsz+ki)))(ki o ]II‘I
R (s)+ o (LS + (@*L—k)) Jle (5° + o) ‘ A (s)+ o (Ls? + (@*L-k)) L@ (" + o) !

Analyzing this last expression, it is possible to see two dominant terms that contribute with
two sinusoidal outputs at current I(s).
One sinusoidal term at ot frequency:

[ o +o Mki_ K -s ] (2 + 0?)A®S) _(kp s +k7|] (s* + 0 )(o(-Ls* + (-0’L+k,))) 0
S@+o))I{2 20 +0))| As)+o? (Ls? +(@’L-k)) | 2 (@+0) 20 )| AY(s)+0?(Ls? + ('L k) ‘ (106)

One sinusoidal term at o-a: frequency:

[ o -» Mki_ k -s j (5% + ) AS) +[kp s +Lj (s* + & )oo(-Ls + (-0’L +k))) e
s+@-o) )\ 2 200 -o) A2(5)+w2(Lsz+(a)2L—kl))2 2 (o -w) 20 Az(s)+w2(LSZ+(a)zL—k,))2 ‘ (107)

And two more terms that are a sum of exponential terms in time domain and therefore are
made zero at steady-state if the system is stable:

A(S)(Skiwl) s a)z(fLser(fa)ZLJrki))[%l)

N
A(5)+ o (Ls? + (0’L k) () + 0 (LS + (@*L k)’ e (108)

Consequently, these last two terms do not contribute to the steady-state, therefore, neither
to the Bode diagram. Thus, to calculate the Bode diagram in a classic way [16], it is necessary
to substitute the required frequency at which the output is wanted to be considered in the
following expressions:

s=j(o,+0) —

N (‘Lv, k -s ] (s + @?)A(S) 7[5} s +LJ (8" + 0" )(@(-Ls* + (-0’L +k))) 0
2 2m(@+0) | K(9)+ o (Ls? +(@L-K)) | 2 (@+0) 20 )| A(s)+ o (Ls” + (@' L-K)) ’

s=i@-0) - (109)

. (ki_ K -s ] (s + 0°)A(s) +[ki s +LJ (* + " )(@(-Ls* + (-o’L+k)))
2 200 - o) Az(s)+a)2(Lsz+(w2L—kl))z 2 (o -w) 20 Az(s)+w2(Lsz+(a)2L—ki))2

1y |
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Chapter 3: Control of currents in rotating reference frame (dq control) with cancellation of coupling terms

What means that the two sinusoidal output currents at steady-state, can be evaluated in
terms of amplitude and phase by applying for instance the Bode function from Matlab of
previous expressions. Numerically, this means that for instance by choosing;:

=1 i) - Q) =1sin(250-2-7-1) (110)

i, (©)=0 (111)

At the output current i.(t), we obtain 0.154A at 200Hz and 0.154A at 300Hz, which
corresponds with -16.2dB at both frequencies as noticed in next Figure 21. Note that at both
output frequencies @+ and @-ai, this control in dg reference frame with cancellation of
coupling terms, curiously obtains the same amplitudes at the output current. It is important
to notice the fact that at the Bode itself, the @1 frequency also appears.

Bode Diagram

Jgnat: 5 cycles. FFT window (i red): 1 cycles System:
—~ Frequency (rad/s): 1.87e+03
-10 Magnitude (dB): -16.2
L |
- System: 1
Frequency (rad/s): 1.22e+03
30 Magnitude (dB): -16.2 I

- 1 540 -

Sgnal

Magnitude (dB;
o
S

005
Time (5)

Fundamental (50Hz) = 2.586e-08 , THD= 842338112.69%

X: 200

Vors
W~ ]

: ,

[
Phase (deg)

10° 10 102 10° 10*

400 50 600 700
Fr H
equency (Hz) Frequency (rad/s)

Figure 21. Time domain and Bode correspondence of currents expressed in af reference frame, of
dg control of currents with cancellation of coupling terms. Conditions of Appendix E and:
iy (t) =1-sin(250-2-7-t), iy (t)=0.

On the other hand, if we now evaluate the time domain response and Bode diagram in
synchronous rotating dg reference frame, as can be seen in Figure 22, ii(t) oscillates at
frequency, with an amplitude of 0.308A. This value corresponds with -10.22dB, which is

exactly the gain given by the Bode diagram at @ frequency.
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ig” (t) and i (t)

Bode Diagram

0+ L]
System: sys

Frequency (rad/s): 1.57e+03
Magnitude (dB): -10.2

Magnitude (dB)
& 0
S

0.075 008 0.085 009 0.095 0.1

oo i (t) and ig(t) “

Phase (deg)
A

5h

| ]
l 90 bt .
1

0075 008 0085 009 0095 0.1 10° 10 10% 10° 10*

Frequency (rad/s)
Figure 22. Time domain responses of is(t) and i;(f) and Bode correspondence in currents expressed
ina synchronous rotating dq reference frame. Conditions of Appendix E and:
iy (t) =1-sin(250-2-7z-t), iy (t)=0

If we compare both time domain responses in synchronous rotating dq reference frame and
stationary afireference frame, we see that the amplitude of the obtained two outputs at wn+@
and wi-w, is 0.154A in af, while the output obtained at @ is 0.308A in dg, is just the double.
What means that the amplitude of the oscillating current in dg, is divided equally into two
oscillating currents in af. This fact is schematically represented in Table V.

Table V. Comparison of output currents in synchronous rotating dq reference frame and stationary
af reference frame

input Output in Output in
dq reference frame apf reference frame
. ia (t):
Iy (1) =1-5in(250-2-7 1) i(t): @+ and 0.308/2 A amplitude
X or and 0.308 A amplitude +
iy (=0 o-o and 0.308/2 A amplitude
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Chapter 4.

Control of currents in rotating
reference frame (dq control) without
cancellation of coupling terms

The control block diagram studied in this chapter is depicted in Figure 23, [6]-[7]. It is exactly
the same control strategy as presented in previous chapter, but in this case, the unique
difference is that the cancellation of the current coupling terms is not carried out.

i) + o Vet

_.?_. PI(1) S
ig el )

LIV PI(Y) b teomi)
o
0=w-t PLL <—ngl(t)
— Vou(t)
ia(t) i.(0)
eid
iq(t) (1)

Figure 23. Current control block diagram in rotating reference frame (dq) with two PI controllers

and no cancellation of current coupling terms.

This control block diagram, can be represented as an equivalent ‘black box” either in time
domain and also in ‘s” domain, as shown in Figure 24.
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id*a)—» L5 _\/C.Dnva(t) 14°(s) + VeonvelS)

B Control g — Control .

iq (t) + Vconvﬂ(t) |q*(S) . Vconv/i‘(s)
io(t) is(t) | aL) |J(5)

Figure 24. Current control blocks in time and ‘s’ domains.

The aand f components of the converter voltages, considering the grid voltage feedforward
terms, are mathematically represented in time domain as follows (Note that the harmonics
created by the converter are neglected):

Voo ®) = ([14”@®) =i ©]®P1(1))-cos(et) -([i, ) =i, ©)]®PI(®))-sin(at) +v,, (t) (112)
Voonis ®) = ([ ® =i © ]®PID))-sin(et) ([, ©) i, (©)]®PI(1))-cos(at) +v,, (1) (113)
Which is equal to:

Vo, (1) = ([id*(t) ~(i, (©)-cos(at) +i, (1) -sin(a;t))] ®PI (t))~cos(wt)
—([iq*(t)—(—ia (t)-sin(et) +i, (t)-cos(wt)) | @ P! (t))-sin(cot) (114)

+V,, (1)

Vognys (1) = ([id*(t) ~(i,, (©)-cos(@t) +i, (1) sin(at)) [@ P! (t))~sin(cot)
—([iq*(t)—(—ia (1) -sin(et) +i, (t)-cos(et)) |@PI (t))~cos(a)t) (115)

+V,, (1)

4.1. Mathematical model in aff with a step input

Considering step inputs at at both Ii'(s) and I;'(s) and assuming that the grid voltage is ideal
and not perturbed, i.e., assuming no angle jumps and @ constant, the previous time domain
expressions can be transformed into the ‘s” domain as follows (see appendix C omitting the
coupling terms cancellation):
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vm(s>=[kp+ ks ]l (5)+ [ jl ©)
S + o

) , (116)
. 2|<,JS k;s(s” — @) 1() - |2<pr2_ 2wk.s 1) +v,. )
s’ + o’ (s +w2) ) (sz+a)2)
k; k;
vwnv/,(s)=—[s‘j jl (5) - ( = fwzjlﬂ(s)
: (117)
S oS _20ks” | g | 65 Km0 gy (o)
s+ w (52+a,) s’ + 0’ (sz+a)2)
Being these expressions only valid for a step input at both 1'(s) and I;(s):
“egy | ey | 118
) (8= 1 () =—2= (118)

As done in previous chapter, combining the last two control law expressions with the power
circuit electric expressions, it is possible to derive the closed loop equation for both aand S
currents:

k(s°—a) ) s ey 2k;s @S ), « ko 119

8= [kH o j(A(s)j'” © (k“s%wzj(A(s)j'q (S”[A( )j /&) ()
B 2k;s @S k(s—a®) [ s oy [ k@ 120
|ﬂ(s)_[kp+sz+w2j(A(s)j| (s)+[k St ](—A(s)llq (s) (—A(S)Jla(s) (120)

Being again:

A(s) = Ls® + (k, + R)S” + (Lo’ +k)s +(k, + R)a’ (121)

Thus now substituting in both inputs a step, the output currents yields:

Ia(s):[kps +ki2s +|:pa; s—kao J| Id*|_[kpws 2+2ki2a)s+kpa) ]“q*' ( ] © (122)
(s +o")A(s) (s° +@")A(s) A(s)

Iﬂ(s):[kpws 2+2kiza)s+kpa) ]| Id*|+[kps +ki2s, +|pr s—kao J' - [kw}I © (123)
(s* + @) A(s) (s" +@)A(S) A(s)

Which is equal to:
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k,s® +k;s” +k,0’s ko’ .
l,(s)= 5 ) 2 3 2 2 2 2 1 |
Ls” +(k, +R)s" + (2L +k)s” + 20" (k, + R)s” + (Lo® +k)o's + @" (k, + R)

(124)

k,0s + 2k ws + k&’ N
Ls® +(k, +R)s* + (2Le” +k))s* + 20" (k, + R)s* + (Lo® +k))o’s + o' (k, +R) | *

. ko ()
Ls®+(k, +R)s’ + (Lo’ +k)s +(k, +R)w’ )/

L) k, 08 + 2k ws +k @’ N
P LS + (k, +R)s* +(2Lo" +k)s® + 20° (k, +R)s” + (Lo’ +k)o’s + o' (k, +R) ‘

k,s® +k;s* +k,0’s — ko’ )
+ L5 k R 4 2|_ 2 k 3 2 2 k R 2 L 2 k 2 4 k R ||q| (125)
s°+(k, +R)s* + (2Le” +k)s° +200° (k, + R)s” + (Lo’ +k)o’s + o (k, +R)

- o 1L6)
Ls® +(k, +R)s” + (Lo” +k)s +(k, +R)o® | “

As can be noticed from the previous expressions and as occurred in previous chapter when
the current coupling terms were cancelled, there is a coupling between o and 4. What means
that I.(s) depends on I4(s) and vice versa. This coupling, can be represented graphically as

in Figure 25.
lq'(s) ++® 14(8)
Gup
Iq'(s) Gpa
. 15(5)
"

Figure 25. Block diagram of the control of currents in dg with cancellation of coupling terms.

Seeking to eliminate this coupling, we rename the expressions (122) and (123) as follows:

1,(8) =Gy 1, (5)+ Gy I, (5) + G, (5) (126)

1,(8) =G, (8)+Gol, (8) 4G 1, (5) (127)

Combining these two expressions, the decoupled input-output transfer functions are

obtained:
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| (S) _ Gad (S) + G/fd (S)Ga/f (S) | *(S) + Gaq (S) + Gﬂq (S)GG/} (S) | *(S) (128)
“ 1-G,, ()G, (5) ) ° 1-G,4(5)Gy(s) ) *

(G948 (96,9 -\ [Cpu(9)+5u(8)8,.(5)) . 129
'”(S)_( 1-G,,(5)G,, (5) j"’ (S)+[ 1-G,,(5)G,. (5) j'q(s) (129)

The decoupled transfer functions are graphically represented in block diagrams in next
Figure 26:

| d*(S)

1- Got/} (S)G/}a (S)

O]

la'(s) G,y (5) + G, ()G, ()

G4 (8) +Gyq (S)Goy (S)j

1- er,/)' (S)G/]a (s)

1-G4(5)G (5)

O]

L ( Gpq () +G,a (5)G,5, ()

G, (8) +G,,(5)G, (S)
1- G(xﬁ (S)Gﬂa (S)

Figure 26. Equivalent block diagram of the control of currents in dg without cancellation of coupling
terms. Note that its structure is equal to one shown in Figure 16, but the poles and zeros are

different.

By solving I.(s) expressions using a symbolic Toolbox from Matlab for instance, it is
possible to obtain for d input current:

Gad(s)"'Gﬂd(S)Gaﬂ(s): Uogs 5"+ Gnas *S" + Gras S  + Gnap 'S + Gpas - S
1-G,,(5)Gp () Gg-S°+0s-S°+0, -5 +0q-5° +0,-5 +0,-5+0, (130)

Being each coefficient of the resulting transfer function:
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Qs = LK,

Ungs =K," +R-K, +L-k

Ungs = LK, -@” +R-ki+2-k -k,

Or =k =Lk, ~a)2+kpz-a)2+R~kpva)2

G =Rk -0
=1
% (131)
g;=2-L-k,+2-L-R
9,=2-- 0 +2-k -L+R*+2-R-k, +k?
g =2-R-k +2-k -kp+4-L-R-0’ +4-L -k, -
0, =20 +2-L-k-0+2-R*- 0’ +4-R-kp-0® + k> +2-k 2 -0’
9, =2k -kp-@® +2-L-R-0" +2-L-k, -0 +2-R-k - &’
g, =R*-0'+2-R-k, -0' +k* -0’ +k - 0
And for g input current:
Gaq(s)+Gﬂq(S)Gaﬁ(S) _ gnq4'54+gnq3'53+gnq2 'sz_'_gnq:l'S
1iGaﬁ(s)Gﬁa(s) gs-Ss+g5-85+g4~54+g3v53+gz-52+g1~5+g0 (132)

Being the denominator” coefficients, g1, g2, ... equal to the previous expression. While the
coefficients of the numerator are:

Oogs =~(Loky )

Ongs =—(K," +RK, +2- Lk ) @

Ongr =— (LK, -@* +2-R-ki+2-k -k, )- (133)
O == (K +k, -0’ +R -k, 0" )-0

Thus, in next Figure 27, the poles and zeros of the system are shown, after substituting the
same numerical example used in previous chapters. Comparing the poles with the control
that cancels the coupling terms, it is seen that the real and imaginary parts of the poles that
conform the natural or transient response, have been moved considerably. Now it is seen
that there is a pole that has increased considerably its imaginary part (bigger oscillating
frequency) and it has reduced considerably its real part (it is damped slower). On the other
hand, the other pole has decreased considerably its imaginary part (smaller oscillating
frequency) and it has increased considerably it real part (it is damped faster). This fact occurs
due to the presence of the current coupling terms that are not cancelled by this control. In
this way, the coupling terms operate analogously to a perturbation action that affects to the
behavior of the entire closed loops system.

49



Chapter 4: Control of currents in rotating reference frame (dq control) without cancellation of coupling terms

Without cancellation of current coupling With cancellation of current coupling
Pole-Zero Map Pole-Zero Map
400 | - — 400 : .
300 ° AN 300 o0 AN
[0 @
< 200 < 200
3 €
S s
§ 100 | » g 100
2 K
[} 2 0 € >
% 0 o ‘E
> 2
é -100 * % -100
54 ®
E 200 E 200+ o
-0 v
300 M s -300 - x  x o x
00| ‘ v 400 L . . . ]
500 400 300 200 100 0 100 -600 -500 -400 R—3D(I7A ‘7200 (—j'\(?? 0 100 200
Real Axis (seconds'1) eal Axis (seconds ™)
a
() (b)

Figure 27. Poles in stationary reference frame (o) for I«s) of expression (128) (a) without
cancellation of current coupling terms, (b) with cancellation of current coupling terms. Conditions
of Appendix E.

After this, by substituting step inputs at at both I.'(s) and I;'(s), the output alfa current results:

| (S) _ Gad (S) + Gﬁd (S)Ga/j (5) | Id* | + Grzq (S) +G/3q (S)Grzﬂ (S) | Iq* | (134)
T 1-G,,(9)G,, (s) s 1-G,,(s)G,, (s) s

What is equal to:

4 3 2
| (S)Z[ 9nas S +0nga 'S +9naz"S +9ng2°S + Gnas J“ ’*|
a 6 5 4 3 2 d
ggS +05-S +09,'S +0;:5S+0,-S"+0,-S+Q,
3 2 1
+ gnqA'S +gnq3's +gnq2's +gnq1 || *l
6 5 4 3 2 q
Gs-S +05°S +09,°S +03-S"+0,S"+0,S+g,

(135)

By using a partial fraction expansion and applying the inverse Laplace transform, the time
domain expression for step inputs of the output current can be obtained from previous
equation. Being the time response of the complete final expressions (only i,(t) current is
shown, is(t) would present an equivalent form):

i, (1) =((2-By)-e™" -cos(,, -t +arg By) +(2-B,) - €™ - cos(y, -t +arg B) +(2-B,) -cos(e -1) )| 1, (136)

+((2~ B,) ™ -cos(w,, -t +argB,) +(2-B,) e - cos(w,, -t +argB,) + (2 B;)-cos(w -t + 7z/2))| I, |

In the following Table VI, the numerical parameters and constants of the previous
expressions are provided. In accordance with the poles depicted in Figure 27, it is seen that
the two conjugate pole pairs that conform the transient response (natural response) present
now very distant real and imaginary parts. There is now a much slower pole, with a
damping constant (real part) of c1=-8.032e+01 and oscillates at @:i=3.8743e+02rd/s
(imaginary part). This pole becomes dominant in the transient response, because it present
much longer time constant than the other pole denoted by Bo, argBo, ov and @w. Then,
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regarding the steady-state conforming pole pair, nothing special or new can be said, in
comparison with what occurred with the control that cancels the current coupling terms.
Finally, note that the poles and/or parameters corresponding to the Ii(s) input are almost the
same that the ones corresponding to the I;(s) input, the only difference can be found on the
arguments of the cosine terms that come from a slight difference on the zeros.

Table VI. Numerical solution of expression (136) by using the ‘residue’ function from Matlab
Control Toolboox. Conditions of Appendix E.

d q
Bo = 3.66059470414e-01 Bs=3.66059470414e-01
argBo = -2.38756461679e+00 argBs =2.32482436358e+00
oo = -4.24679933020e+02 o3 =-4.24679933020e+02
wdo = 7.32759410267e+01 wiz = 7.32759410267e+01
B1 =3.422939427312006e-01 Bs=3.42293942731e-01
argB1=-2.320176782313537e+00 argBa=-7.49380455518e-01
o1 = -8.032006697983152e+01 oz = -8.03200669798e+01
md1 = 3.874352063857773e+02 wds = 3.87435206385e+02
B2 =5.00000e-01 Bs=5.00000e-01
@=3.141592653589798e+02 w=3.14159265358¢e+02

Finally, the time domain step response is shown in the next Figure 28. It is seen a good
agreement between the derived mathematical expressions and the Simulink based model.
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Fll cos(uld))*u(1-sinful3))'uf2) Il

sin(u(3)1"u(1)+cos(u(3))'u(2)

ormation alfabeta2dq
d
I cos{ui3))ult sin(ul3)u(2) |l
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Figure 28. (a) Block diagram of control in synchronous reference frame (dg) without current
coupling cancellation, (b) time domain responses in aff reference frame of control in dq frame
without current coupling cancellation, to a unit step input in ia*(t) and i*(¢). Conditions of
Appendix E.

4.2. Mathematical model in aff with sinusoidal and cosenoidal input

Now considering sine and cosine inputs at Ii'(s) and I;'(s) respectively and again assuming
that the grid voltage is ideal, i.e., assuming no angle phase shift and ® constant, the time
domain expressions (112) and (113) can be transformed into the ‘s’ domain as follows (see
appendix D omitting cancellation of coupling terms):
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VW(S)=—[k + st jl (s)+( Zk+“’ j'ﬂ(s)
kp 52 +a>1 w0 +o ) L)
2 s%+ (o) + @) s 2t (w-w) ) °
kl 52+0)1 S 2s
J[ o ](5 +(o +w)2 s Jr(wl—co)2 S+ jl ) (137)

{2
RIS e
{as]

[S +(w1+co)2 s + (0 — )’
k \[s*+ao s )
( ](5 + (@ + 0)° sz+(w1—a))2j|q (8)+Ve. (5)

Vi (8) = (k - [ zjla(s)
( +2 J( o+ : [O?] i 20 j' s)
s? + (o, + )? s + (0, — @) St

> zjld*(s) (138)

s? +(a)1 w)  §+ (o, + )

s* + @, wto | o-o L*(s)
s 2+ (w +w) 2+ (w—w)? )"

@y

S s
2+ 2
$*+ (o + ) $°+ (o - w)

2qu*(s)+vgﬁ(s)

Being these expressions only valid for a sine and cosine inputs at Is'(s) and I;'(s):

i,"(t) = 1," | -sin(wt) N 1,7(s) 2523)#' 1| (139)

1
i"®) =1, ]-cos(mt) ERNCE #| 1] (140)
1

Then, combining these last two expressions in ‘s’ domain, with the power circuit model
equations, the closed loop expressions of the currents can be obtained:

_ (s*+@°)-D,(s) ), « B (s> +@°)-Q,(s) ), - k- 141
1,(s) [—A(S) Jld s) [—A(S) ]lq (S)+[A()j 5(9) (141)

[ (" +@°)-Dy(s) ), - (s* +@")-Qy(5) ), - ko 142
|ﬁ(s)_[—A(S) ]Id (s){—A(S) qu (s)— [A()jl (s) (142)

With:

D.(s) = s +a’ (K oto  o-o | [k s . s +£( s )
SAR P 2 N +(o+w)?  §°+(0, - o) 20, \ 8 + (0, + @)’ §*+ (0 - w)® o, \$*+ao’ (143)
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Q(s)—k—" s+’ ot+to  o-o0 [k s+ o s B s (144)
T2 s s (o +o) SE+(o-0)) (20 s $* (o, —0)  S2+ (o +0)

And

Dﬂ(s):[sz+“ﬁ2}{(lﬁj( » jJ{ki][_ s N s )_[ki j[ o+o  o-o0 H (145)
o o, )\ $* + o’ 2 s°+ (o, + @)} 5+ (0, - o) 20, \ 8 + (0 + @)+ (0, - w)°

Q,,(s)=[sz+w12)[[kp}{ s, 2}{ K, J( _ate |, a-o ZH (146)
S 2 \s*+(m+o) s +(o-w) 20 \ s+ (0, +w)° s +(w,—w)

Being again, these expressions only valid for a sine and cosine inputs at Is'(s) and I;'(s). (147)-
(148). By representing the previous expressions in a more compact form:

1,(5) =G .1y (8)+ Gy (1. (5)+ G,y .1 ,(5) (149)

1,(8) =Gy 14" (5)+ Gy .1, (5)+Gy, .1, (5) (150)

It is seen that there is again a coupling between two output currents that influence one in
the other. Repeating again the same procedure developed in the previous chapter, the
decoupled input-output transfer functions are obtained:

I (S)_ Gad_s(s)+Gﬂd_s(S)Ga/J_s(s) I*(S)+ Gaq_s(s)+Gﬂq_s(s)Gaﬂ_s(s) I*(S) (151)
Tl 1-6,,.(90G,, (9) ‘ 1-G,, ()G, () ) °

_ Gﬁdis(s)+Gadis(S)Gﬁais(S) * Gﬂqis(s)+Gaq75(s)Gﬂais(s) * 152
') _[ 1-G,, .(9G,, .(9) J"‘ (S){ 1-G, .(9G,, .(5) J"* ®) (152)

The decoupled transfer functions are graphically represented in block diagrams in next
figure:
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14°(s) G,a s(8)+G, (5)G,; (5)

1-G,; (5)Gy, (s)

T3 1as)

1-G,, ((8)G,, <(s)

Gpo_s(8)+Goy_s(8)Gy, <(5)

1- Ga/x,s (S)G/fais (S)

Gy s(8)+G,q s(8)Gp, <(5)

| B (S)

14°(s) ‘ [Gau(s) +G ﬂqfs(s)ea“(s)]

1-G,p ()G, _(5)

Figure 29. Equivalent block diagram of the currents control in dq frame without cancellation of

coupling terms. Note that its structure is equal to one shown in Figure 19, but the poles and zeros

are different.

By solving I.(s) expressions using a symbolic Toolbox from Matlab for instance, it is

possible to obtain for d and g inputs current:

7 6 5 4 3 2
Gaa_s Gy sCup s _ 907 S +O9n6 'S T Ongs ©S +0nasa ©S t9ng3 S +0naz " S+ Gngs S+ Gngo

8 7 7 6 5 4 3 2
l_Gaﬁ_SGﬁa_s JgS +0;,°S +0;,-S +0g-S +05-S +0,-S +03-5 +0,-S" +0,-5+(,

(153)

7 6 5 4 3 2
Gy 2 (8)+ Gy c()G,s o(9)  Unar ST + pgo 5% + G 5% + U S + Gy +S° + Uy S+ Gy -+ Uy

1-G,; ()G, ((s) (g8458+g7 As7+gs~56+g5~55+g4~s4+g3-s3+gz452+glls+go)-s

Thus, in next Figure 30, the poles and zeros of the system are shown, after numerically
substituting the same numerical example used in previous chapter. It is seen again that two
complex conjugate pole pairs conforming the transient response or natural response, have
been moved in comparison with the poles of a control with cancellation of current coupling
terms. Both the real and the imaginary part of these poles now are different one from each

other.

Then, the other two pair of conjugate imaginary poles, without real part and with imaginary
parts a=mn+@=1884.9rd/s and m=mi-w=1256.6rd/s, which are the components that create the
steady-state current are still there. Note also that there is a conjugate zero pair with
imaginary part ax in both transfer functions, that is cancelled with the sinus and cosines

inputs’ poles with imaginary part .
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(a)

Without cancellation of current coupling terms
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Figure 30. dgq control of currents. (a) Poles in stationary reference frame (¢f) for Iu(s)/1i'(s) and
I(s)/17'(s) without the current coupling terms cancellation, (b) Poles in stationary reference frame
(af) for 1u(s)/1i(s) and Ia(s)/1;'(s) with the current coupling terms cancellation. Conditions of
Appendix E.

Once the transfer functions have been obtained, it is possible to derive the output current
expressions. Hence, substituing a sine and cosine inputs at I:'(s) and I;(s). The output alfa
current is given by:

_ Gadis (s)+Gﬁd75(s)Gaﬂis (S) (2] * Gaqis (s)+Gﬁqis (S)Ga/}fs (S) S * (154)
Ia(s)_ 1 G 2 zlld | + 2 2|Iq|
=G4 s(8)G,, (s) S +w 1-G,; (5)Gy, s(s) S*+m,
What is equal to:
I (S): gndS_ 'Ss+gnd4_ -5’ +gnd3_ 'S3+gnd2_ 'SZ +gnd1_ 'S +gnd0_ | | |
“ U5 -5°+0, -5 +0,-5°+05-5°+0, 5" +0,-5°+0,-5°+0,-5+0, | °
(155)

*

(P

5 4 3 2 1
gnqS_ °S +gnq4_ -S +gnq3_ 'S +gnq2_ °S +gnq1_ °S +gnq0_
8 7 6 5 4 3 2
Jg-S +0;,°-S +0s-S +05-S" +0,-S +0;-5S +0,-5 +0,-S+ 0,

+( |

With coefficients of the numerator and denominator corresponding to the d input:
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Qs = L-kp @

Uas =@ K7 +R-@ -k, +L-k - @

Ungs =Rk -0 +2:k -k, -0, +L-k, -

Oz =k’ @, —3-L-k -0 o +L-k -0’ +k! 0’ +R-0 -k,

Gr =2k -k, o’ +R-k -0’ —L-k,-0' -0, -3-R-k - 0" 0, -2k -k, -0 -0 + L -k, - 0" - ]

Ondo_ =—ki2-a)2-a)l-%-kiz-a)f’—kpZ-a)"-a}1+kp2-w2-a)f—R-kp~a)4‘a)1+R-kp-a)z-a)l3

g&:L2

g, =2-L-k, +2-L-R

g =30’ +2- -0’ +2-k -L+R*+2-R-k, +k,’

s =2-Rok +2:K, -k +6:-L-R-0’ +4-L-R-@? +6-L-K, -0’ +4-L-K, -

9,=3L 0"+ 0" +4-L-k-0*+4-L-k -0 +3-R* -0 +2-R* -0}

(156)

+6-R-k, -0’ +4-R-k -0 +k?+3-k? -0’ +2-k .2 - 0]

g, =4-k, -k ‘IUZ+4'kp'ki'[012+6‘L'R‘[04+2‘L'R‘[014+6‘L'kp'w4+2'L'kp'w14+4'R'ki‘w2+4'R'ki'(U12
g, =0 -2"0" &+ & o' +2-Lk -0 -4 Lk o 0’+2-Lk -o'+3 R -0 +R -0
+6-R-k,-0'+2-R-k, -0y +2-k? -0’ +2-k? -0 +3-k 2 -0 +k,” - 0
9, =2k, ko' +2.k, ko' +2-L-R-0®+2-L-k,-0°+2-R-k-0' +2-R-k - +2-L-R-0* -0 —4-L-R- 0" - 0]

4

+2-Lk, 0" o —4-L -k, 0" 0 4Rk 00’ -4k, ko]
J, :RZ-a)G—2~R24(4)"-c<)1z+Rz-a)2~a)1"+2~R-kp-a)e—4~R-kp~a)"-a)12+2~R~kp~C()2~cz)1"-%—klz~a)4—2~k|245()2-(4)12+k|2~a)14

2 6 2 4 2 2 2 4
+k,S @0’ -2k 0" 0 +K, 0" o

While for the g component, the coefficients of the numerator are symbolically represented

by:

Ongs_ :—L-kp )

Opu =—@-k?-R-w-k, —2-L-k -0

Ongs_ =L~kp-a)-a)12—2~R‘ki ‘o —2-k ~kp-a)—2‘L~kp-a)3

Uz =—K? 0-2-Lk -0’ -2-k? 0’ +k - 00’ -2-R-0* Kk, +R-k, 0 0} (157)
Onn =2-K; ~kp~a)~a)12—L-kp~a)5—2~R~ki @ -2k ~kp~a)3+L~kp-a)3a)l2

2 2 _ 2, 3 2 5 2 3 2 5 32
Ouo_ =k oo -k’ 0’ K @ +kK, 0”& -R-kK, @& +R-K, @ - o9

By using a partial fraction expansion and applying the inverse Laplace transform, the time
domain expression for sinus and cosines inputs of the output current can be obtained from
equation (155). Being the time response of the complete final expressions (only i(t) current
is shown, i4(t) would present an equivalent form):

i, (t) = [(2- B,) - cos((w, + w)-t+argB,)+(2-B,)-cos((w, — w)-t+argB,)
+(2-B,) e -cos(m,, -t +argB,) + (2-B,)-e™ - cos(e,, - t +arg BB)J [,

+[(2-B,)-cos((w, + w)-t+argB,) +(2- B;) - cos((w, — w) -t +arg B;)
+(2-B;)-e™ -cos(a,, -t +argB,) +(2-B,)- e - cos(w,, -t +arg B7)] I,

(158)

Finally, Table VII shows a numerical solution of expression (158) by using the the ‘residue’
function from Matlab Control Toolboox. Therefore, it is inferred that in contrast to the
control with cancellation of coupling terms, the transient response or damped terms (natural
response), oscillate at different @=314.159rd/s (different imaginary parts) and are damped
with different time constants (real parts), while the steady-state terms (poles without real
parts) oscillate at an+@=1884.9rd/s and - w=1256.6rd/s.
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Table VII. Numerical solution of expression (158) by using the the ‘residue’ function from Matlab

Control Toolboox. Conditions of Appendix E.

d

Bo =6.48967586678e-02
argBo=-2.9031908834e+00
w1+ =1.88495559e+03

B1=9.42325130201e-02
argBi = -2.82842575621e+00
w1-o=1.25663706143e+03

B2=1.312085249117193e-01
argB2 =1.454573489016104e-01
o2 =-4.246799330201682e+02
wa2=7.327594102679845e+01

=2.368128003266055e-02
argBs = 8.661548497401336e-02
o3 =-8.032006697983110e+01

B4 =6.489675866781006e-02

argBs+=1.869371989665175e-01
wr+o=1.8849555921e+03

Bs =9.423251302016845e-02
argBs = -2.828425756210602e+00
w1-o=1.2566370614e+03

Be = 4.801766349698532e-02
argBs =9.766847868259755e-01
o =-4.246799330201682e+02
wde =7.327594102679845e+01

B7=1.639103833170650e-03
argB7 = -2.223749730691358e+00
o7 =-8.032006697983110e+01

o= 3.874352063857774e+02 wa7 = 3.874352063857774e+02

4.3. Bode Diagram

Once the transfer functions for sine and cosine inputs are obtained, from them it is possible
to derive the expressions for computation of the Bode diagram. Hence, from equation (151),
as we did in previous chapter, for simplicity in the exposition, let us assume that the input
1;'(s) is zero, what means that we only apply a sinusoidal input at Ii'(s):

| (S): Grzd s(s)+Gﬁd S(S)Gaﬁ s(s) Id*(s) (159)
’ a/i s(S)G/ia s( )

Therefore, after substituting the sinusoidal input at Ii'(s) the current yields:

I,(s)=
o+ ky ks (s*+0P)AG) | [k s N ki [ (s* + ) (ko) |
s? + (a0, + )* 2 20w +o) )\ A(s)+ (kia))2 2 (o, +®) 20, )\ A2(s)+ (k; o)* d
. ky ks (s* +G)Z)A(S) K, k) (8*+ o) (ko) 7] (160)
s? + (a)1 2 20/(0,—w) )\ A*(s)+ (k.a))2 2 (o, - ) 2501 A’ (s) + (k,w)? d

N (s* + ®*)A(s) ki S 11+ (s + 0*)(K, - @) | g
A(s) + (kw)? N\ o, (s2+w?) ) ° AZ(s) + (k,w)? a)l (s s ¢
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As occurred in the control with cancellation of the current coupling terms, analyzing this
last expression, it is possible to see two dominant terms that contribute with two sinusoidal
outputs at current I.(s).

One sinusoidal term at ot frequency:

o+ K, K -s (s® + ®*)A(s) k, s ko ) (s* + o) (k) .
Tty || 2 oot )\ A® ko)) | 2 o) 20 ) MA@ ko[ (161)

One sinusoidal term at o-a frequency:

- k, ki-s (s* + @*)A(s) K, S ki [ (s* + 0*) (k) .
2 2 5 2 7|t o + 2 2 |1 a | (162)
$° + (@, — w) 2 20(o,—w) )\ A°(s)+ (ko) 2 (0, —w) 20, )\ A°(s)+ (ko)

And two more terms that are a sum of exponential terms and therefore are made zero at
steady-state if the system is stable:

1oV

AZ(s) + (k )2

A

AZ(S) + (k0)?

(163)

'|Id*|+ |Id*|

Consequently, these last two terms do not contribute to the steady-state, therefore, neither
to the Bode diagram. Thus, to calculate the Bode diagram in a classic way;, it is necessary to
substitute the required frequency at which the output is wanted to be considered in the
following expressions:

S il ra) > Hkp_ ks j[(sj+w2)A(sZ}_[kp s +kij{(szz+w2)(kiwz)ﬂl'a*l
2 20(0,+) )\ A°(s)+ (k) 2 (o, +) 20, )\ A°(s)+ (ko)

S i(o-0) > Hkp_ ks j[(szz+w2)A(SZ]+[l(p s +ki][(s;+w2)(kia)z)ﬂ“d*l
2 20,0 -0) | A©)+ ko) ) | 2 (@-w) 20 )| A6+ (ko)

(164)

What means that the two sinusoidal output currents at steady-state, can be evaluated in
terms of amplitude and phase by applying for instance “Bode function” in Matlab of previous
expressions (164). Numerically, this means that for instance by choosing;:

iSO, sine) - i, () =1-sin(250-2-7-1) (165)

i, (t)=0 (166)

At the output current i.(f), we obtain 0.1885A at 200Hz and 0.1298A at 300Hz, which

corresponds with -14.5dB and -17.7dB respectively, as noticed in next Figure 31. It can be

inferred that there is not correspondence between this Bode diagram and the one with the
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control that cancels the current coupling terms (Figure 21). However, this Bode diagram
matches with the bode Diagram of the control with resonant controller of Figure 7. Note
also that in this case, it is problematic to compare the resulted Bode diagram with its
corresponding in dg reference frame, since there is not cancellation of coupling terms and
they affect to the steady-state.

Bode Diagram
Salacted signat: § cycls. FET window (i red: 1 cycles 0 A IR T System:
Frequency (rad/s): 1.26e+03

-10 \\/ \_ Magnitude (dB): -14.5
[N ‘
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-20
System:
Frequency (rad/s): 1.88e+03
-30 Magnitude (dB): -17.7

o oo o o om o6 007 oo o0 o1

Time (5)
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Figure 31. Time domain and Bode correspondence of currents expressed in af frame, for control in
dq without cancellation of coupling terms. Conditions of Appendix E. i *(t) =1-sin(250-2- 7 -t),
i, (1)=0
q
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Chapter 5.

Comparison and analysis

In this chapter, a summary of the time domain responses, pole-zero map and Bode is
presented for the three studied controls. The three controls are excited by the same inputs
and the three controls also use the same filter and ky-ki gains for their regulators. For and
easier comparison, the results of the simulations are grouped into three columns, each one of
them dedicated for a control.

Hence, first of all in Figure 32 the time domain responses to a unit step input in 7*(t) and i,*(t),
are presented. Above, the voltages created by the control are shown. Then below, the current
i«(t) and i4(t), while finally, at the bottom, the natural response (only exponential terms of the
time domain response) of i,(t) is shown.

« Control dq Control dg Control
with cancellation of coupling terms without cancellation of coupling terms

Veonvap Veonvep Veonvap
2 2 2
1 1 1
0 0 0
2l -1 1

o 0.05 0.1 L] 0.05 01 1] 0.05 01
i i i
298 L7} o ap

/
or o o
2 -2 2

o 0.05 0.1 0 0.05 0.1 1] 0.05 0.1
!a natural response I o natural response | o natural response

- — 0.5 |
o
i}
ot o5l
05

[
B . al al

o 0.05 0.1 0 0.05 01 1] 0.05 01

(@ (b) (c)

Figure 32. Time domain responses to an unit step input in ia*(t) and i;*(), for the three types of
controls studied, (a) Control in stationary reference frame (o), (b) Control in synchronous reference
frame (dg) with current coupling cancellation, (c) Control in synchronous reference frame (dg)
without current coupling cancellation. Conditions of Appendix E.
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dq Control dq Control
aff Contral with cancellation of coupling terms without cancellation of coupling terms
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Figure 33. Time domain responses to an unit step input in is*(t) and i;*(#), for the three types of
controls studied and only current in dg reference frame are shown. (a) Control in stationary reference
frame (ap), (b) Control in synchronous reference frame (dg) with current coupling cancellation, (c)
Control in synchronous reference frame (dq) without current coupling cancellation. Conditions of
Appendix E.

It is seen that for the same values of ky-k; the control in dg with cancellation of current coupling
terms achieves the steady-state faster than the other two controls. Nevertheless, the
differences are not very significant. However, it must be remarked that by changing the gain
values of ky-ki , the dg control without cancellation of coupling terms and the af control,
probably could achieve faster dynamic response.

Then, in Figure 33 it is also seen the behavior of the same currents under the same experiment
but after being transformed into dq reference frame. In this case also occurs that the fastest
dynamic is achieved, by the control in dq with cancellation of current coupling terms. It is
remarkable also that in e control, it appears an small oscillatory current when transformed
the aff currents to dq reference frame.

The dynamic response behavior of these controls, is in good agreement with the pole-zero
maps shown in Figure 34. It is possible to see how the of control and the dgq control without
cancellation of coupling terms, present a pair of conjugate pole pair with smallest real part
around -50 and -80 respectively, while the control in dq with cancellation of coupling terms
presents a lowest real part of conjugate pole around -210. Thus, by checking the smallest real
part of the poles, it is deduced that the control in dq with cancellation of coupling terms
presents a natural response that is damped between 3 or 4 times faster than the other two
controls.

Figure 34 also shows the Bodes of the three studied controls. The biggest remarkable
difference is that only in dq control with cancellation of coupling terms, achieves the same
gain at both frequencies 1+w and - .
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Figure 34. Poles to a step input and Bode diagrams of transfer function I«(s)/1s*(s), for the three types
of controls studied (rest of transfer functions present very similar behavior: I«(s)/15*(s), I5(s)/1a*(s),
I6(s)/15*(s)). (a) Control in stationary reference frame (¢f), (b) Control in synchronous reference frame
(dg) with current coupling cancellation, (c) Control in synchronous reference frame (dq) without
current coupling cancellation. Conditions of Appendix E.

Coming back again to the poles, Figure 35 shows the poles to a step input of control in
synchronous reference frame (dgq) with current coupling cancellation. It is seen that this
control achieves to maintain the real part of the poles responsible of the dynamic response to
a step input, in both dg and of representation. This means that damping factors, o, of the
current dynamic is equal in both dg and affrepresentation of the currents. Note that in reality,
a perfect cancellation of current coupling terms is very difficult due to the effect of delays of
filters and computation delays mainly, as later will be shown more under detail.

63



Chapter 5: Comparison and analysis

Control dq Control
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Figure 35. Poles to a step input of control in synchronous reference frame (dq) with current coupling
cancellation. (a) Current in dq reference frame, i.e.: Transfer function: la(s)/I*(s) (b) Current in o
reference frame, i.e.: Transfer function: I«(s)/l1s*(s). Conditions of Appendix E.

Finally, in Figure 36, poles, time domain responses and Bode diagrams of the three studied
controls (I4(s)/1a*(s) and i,(t) time domain responses) at different conditions of the regulators are
shown. It is seen how the poles and zeros are affected by a different tuning of the regulator,
how the time domain responses are affected and finally, how the Bode diagrams are also
modified. A remarkable difference is that for the gains k» and ki evaluated at least, there is a
clear tendency of control in dg with cancellation of the coupling terms, to be more stable.
Being more specific, for the evaluated gains, the dg control with cancellation maintains the
real part of the poles further away from the imaginary axis, producing also less oscillatory
step responses.
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Figure 36. Poles, time domain responses and Bode diagrams of the three studied controls of
Io(s)/1s*(s) at different conditions of the regulator. Conditions: R = 1Q, L= ImH, &1.01 and ax =

(R/L)-25-[1,0.9,0.8,0.7,0.6,0.5].

Finally, the following tables show a summary of the most relevant equations for the studied

controls.
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Table VIII. Most relevant expressions of the three control studied for step inputs (f magnitudes

are not shown for simplicity).

aff control dq control dq control
with cancellation of coupling terms without cancellation of coupling terms
Step inputs
Veona (8) =
’ ks V()= Veone (8) =
,(kar%jl (s) “ K ks
sS+w? )" iS - i
2 _[k"+sz+wz)l”(s) (k”+sz+w2jl"(s)
k,s ks® .
+ s —— [1,°(s) ~wL)s? + (ko - o’L wk
[Sz+mz (Sz+wz)z] a +[% 1,(s) Mps +Ia)2 15(s)

wk;s’

kpws L (s)
_ I
SZ +CUZ (Sz +w2)2 q

. k;s(s® wz)]ld‘(s)

. k,s?
s’ +o’ (s? +a)z)2

J{ k,s? N k;s(s® a)Z)J 1,(s)

S0’ (strar)

+Vy, (5) | kos  20ks® | . © k,os  2wks® | .
e (Sz+wz)2 q - S 1ot _W Iq )
+Vq, (8) +V,, (s)
1,(8)= l.(s)=

(U I
? s* + o’ A(s)

—[k N ](“ijl‘(s)

s+ w? \AG))
(~wL)s® + (ko — &®L)

+[—A(s) ] I, (s)

{

1, (s)=
MORISMOMONNIN
1- Ga/f (S)G/}a (S)

+[M] |q* (s)
1- Ga/i (S)G/}a (S)

(See chapter 3 for solutions)

(TR
s +w A(s)
—(k L ][szl*(s)
st 0’ JLA®S) )T
(2]
+(A(s)]"’(s)

{

1,(5) =
6.9 +88, 0|, . o
1-G,4(s)Gg, (s)

+[M] |q* (s)
1- Ga/f (S)G/Ia (S)

(See chapter 4 for solutions)

i,(t)=

((By)-€7 +(2-B,)-€™ - cos(e,, -t +arg B,)
+(2-B,)-cos(w 1)1,

+((By)-e7 +(2-B,)-e™ -cos(w, -t +argB,)
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((2-8,)-e™ -cos(@,, -t +argB,)
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((2-By)-e*" -cos(@y, -t +arg By)
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+(2-B,) 67" -cos(@y, -t +argB,) + (2-By) - cos(e -t+7/2)) 1’|

A(s)=Ls*+(k, +R)s* + (Lo’ +k)s +(k, +R)&’
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Table IX. Most relevant expressions of the three control studied for sinusoidal and cosenoidal

inputs (f magnitudes are not shown for simplicity).

a3 control

dq control

with cancellation of coupling terms

dq control

without cancellation of coupling terms

Sinusoidal inputs

Veonve (8) = Veonve (8) =
vmm(s)f 7[kp+52k+'5m2]|,,(s) (k s JI (s)
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O sl A B o
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1-G,; ((8)G,, () ¢ 1-G,; ((8)G,, _(s) ‘
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. i, (t) =[(2-By)-cos((@, + @) -t +argB,) i, (t) =[(2-B,)-cos((a, + @)t +arg By)
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(By)-e™ +(2-B) e -cos(wy, t+argB) +(2-B,)-e™ -cos(a,, -t +argB,) +(2-B,)-e™ -cos(a,, -t +argB,)
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A(s)=Ls*+(k, +R)s* + (Lo’ +k)s +(k, +R)&’
D, (s) = s?+a’ \[( ke o+ ® - [ Kk s s +£( s )
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s s +(o+w) §°+(0-0) 20, s S +(o-w) §°+(o+0)
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Chapter 6.

Experimental validation of the
analytical models

In this chapter, the experimental validation of the mathematical model equations derived in
previous chapters is carried out. The experimental platform employed is presented in Figure
37. Its main parameters and characteristics are specified in appendix F. The control block
diagrams implemented are depicted in Figure 38. Note that the power system does not
present a DC voltage source, what means that the active power exchange with grid cannot be
controlled freely. Consequently, it is necessary to incorporate a DC bus voltage control loop
as depicted in Figure 38.

Figure 37. Experimental platform of the grid connected converter. Main characteristics: Appendix F.
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Trying to simplify the set of results presented in this validation, only one input response is
evaluated for all the controls. More specifically, a q axis current step change is applied to the
controls studied in this book, and the experimental response obtained is compared with the
mathematical model equations derived. Thus, the obtained results are depicted in Figures 39
and fig 40.

In Figure 39, the three studied control of this book are evaluated in a step response of 4 Amps
at 7;. In this set of results the employed gains for the PIR and PI regulators are: k, = 10 and ki
= 3500. In all the controls and variables shown, the experimental and analytical models show
a reasonably good agreement both at steady-state and transient response.

Then, in Figure 39, the same experiment is carried out but in this case, with a smaller gains at
the PIR and PI regulators: k» = 4.4 and ki = 395. This choice, produces a slower dynamic
response of the currents. Under these regulators gains, it has been observed that the PIR
regulators did present difficulties for stabilization (mainly due to the high frequency current
ripple present and the discretization method employed for the regulators), so only controls
in dq (with and without cancellation of the current coupling terms) are evaluated. The
agreement under these conditions between the experimental behavior and the mathematical
models is reasonably good as well.

69



Chapter 6: Experimental validation of the analytical models

. . - Veonva(t
Ve () + PI(t) i (t) io (1) +% PIR(t) - —>( )
Vet » i i :
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Figure 38. Control block diagram of the three studied controls, with inclusion of the DC bus voltage
control loop.
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These tests have been repeated under many other operating conditions, but due to lack of
space are not shown in this book. In all the cases, the agreement between both experimental
and analytical results have been observed to be reasonably good, very similar to what it has
been shown in Figure 39 and Figure 40.

af Control dqg Control dg Control
with cancellation of coupling terms without cancellation of coupling
Veonvap Veonvap
Vi
0 convap
20
0
d
-20
] 12.3 12.35
lap
4 4
2 2
0 0 0
.i 2
-4 5 -4
g 123 12:35 124 i, 1278 12.8 1285 j, 93 9.35 9.4
1
1
1
1 ] 0.5 05
05 : 0 '
ohrerivirvirryswes °
N -1
i 123 12.35 12.4 i 12.75 12.8 1285 j, 93 9.35 94
0 12.3 12.35 1240 0
3 @ 12 : 1275 () 128 12.85 9.3 ()35 9.4

Figure 39. Time domain responses to a 4 Amps step input in i;*(t), for the three types of controls
studied: Experimental -> continuous lines, Mathematical models -> dashed lines, (a) Control in
stationary reference frame (af), (b) Control in synchronous reference frame (dg) with current
coupling cancellation, (c) Control in synchronous reference frame (dg) without current coupling
cancellation. Conditions of Appendix F. Gains for the PIR and PI regulators: ky = 10 and ki = 3500.
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dg Control dq Control
with cancellation of coupling terms without cancellation of coupling
Veonvap Veonvap
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0
-20 \
14.35 14.4 14.45 . 15.4 15.45 15.5
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0 0
-5
14.35 14.4 14.45 R 15.4 15.45 15.5
ld 4. ld
0.2 \
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0 0.5
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R N
0.2 0
-0.4
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Iq Iq
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Figure 40. Time domain responses to a 4 Amps step input in is*(t), for two of the controls studied:
Experimental -> continuous lines, Mathematical models -> dashed lines, (a) Control in synchronous
reference frame (dg) with current coupling cancellation, (b) Control in synchronous reference frame

(dq) without current coupling cancellation. Conditions of Appendix F. Gains for the PIR and PI
regulators: ky = 4.4 and ki = 395.
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Chapter 7.

Inclusion of delay and filter at current
measurement

7.1. Control of currents in stationary reference frame (af3) for step inputs

Approaching to a more realistic modelling of the control under some specific contexts, let us
now consider the inevitable delay between the voltage reference generation and the actual
synthetization, Del(t), and the low pass filter that is normally employed at the current
measurements Fi(t), to reduce the current ripple seen by the control. This is represented in
block diagram of Figure 41. Note that at the grid voltages no filter has been considered,
because at strong grids, this voltage is not severely corrupted by ripple or other
perturbations.

I © PIRG) |5 Del(t) Veorve(1)
. io Vga(t)
ww | - Veon 1)
— PIR(t) X Del(t) ——
=01t I Vou(t)
PLL

[

Y

Figure 41. Current control block diagram in stationary reference frame (¢f) with two resonant

controllers and inclusion of converter’s delay and filter for current measurement.
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Thus, the o and S components of the converter voltages, considering the grid voltage
feedforward terms, are mathematically represented in time domain as follows (Note that the
harmonics created by the converter are neglected):

Vearse ®) =[ (4" (©)-cos(@t) — i, (1) -sin(et) ) ® PIR(1) (i, (1) © F, (1)) @ PIR(t) +v,,, (1) | ® Del (1) (167)

Veons 0 = [ (iy”(®)-sin(et) +1," (1) -cos(at) ) ® PIR(A) (i, (1) ® F, (1)) ® PIR(t) +V,,, (1) | ® Del (t) (168)

Considering step inputs at at both I:'(s) and I;'(s) and assuming that the grid voltage is ideal
or not perturbed, i.e., assuming no angle phase shift and @ constant, the previous time
domain expressions can be transformed into the ‘s’ domain as follows:

vm(s):“kﬁfﬂ]-ﬁ(s)-la(sh[ ks ks zjld*(s)
S"t+w

SHe (s +0”)

(169)
- I;”wsz 4ok’ [1,7(9)+V,,,(5) | Del(s)
SHot (s +0?)
Ve (5) = —[kp +$j S 1, (94| 22 K
S"+w S"+w (Sz+(o2)
ks ks (170)
+ et [1,7(8) +V,,(5) |- Del(s)
o (s +0’)
Knowing also that the ‘s” domain equations of the power circuit are:
Vconva (S) _Vga (S) = Ia(s) (R + LS) (171)
Vconvﬁ (S) _Vgﬁ(s) = Iﬁ(s) (R + LS) (172)

Combining these expressions with the voltage applied by the control in equations (169) and
(170), the closed loop current expression yield:

|a(5)—((p 2 : zj[ 2 : z]( (I())Jld*(s)
S+ w S+ w B(s

o
Ps? +0? )\ $? + 0 B(s) )¢ B(s) -
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) ks ws \( Del(s)), -
|ﬁ(5)_(kp+sz+w2J[sz+wzj{ B(s) ]h (s)

k : [ Del(s) 1- Del(s) (174)
iS S el(s . — Del(s
+[kp+sz+afj[sz+af)( B(s) ]H @)_[ B(S) j'VM(Q
Being:
B(s)=[kp+ zk‘s Zj-Fi(S)-DeI(s)+R+Ls (175)
S"+w

Then, the current filter and the delay can be modelled in a simple manner, for instance as
follows:

(176)

F(s)= Del(s) =

Ts+1 T;s+1

Note that is believed is more accurate any other filter and delay models could be substituted
at previous expressions. Thus for instance, for modelling the delay a Pade approximation is
also quite common. Next, equation shows as an example, a fourth order Pade approximation
for a delay of 200pseg:

Del(s) = s*+a,s°+a,8° +a,s+a, (177)
s*+h,s° +b,5° +hs+D,

With; a3 = - 9.9999e+04, a2 = 4.4999e+09, a1 = - 1.05e+14, ao = 1.05e+18, b3 = 9.9999e+04, b2 =
4.4999e+09, b1 = 1.05e+14, bo = 1.05e+18. Nevertheless, in forthcoming analysis and for
simplicity, both delay and filter are modelled as a first order system as described in equation
(176). Hence, the following figure’ results show that the time domain responses to step inputs,

are perfectly described with the derived mathematical equations in correspondence with the
Simulink blocks.
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Tranformation dq2alfabeta

cos(u(3))*u(1)-sin(u(3))'u(2)

V Solid: Simulink blocks i Solid: Simulink blocks
Convaﬁ Dashed: Mathematical model Olﬂ Dashed: Mathematical model

0 002 004 006 008 0.1 0 002 004 006 008 0.1
(b)

Figure 42. (a) Simulink model for evaluating the Step response, (b) Unit step (at both inputs)
response of control of currents in stationary reference frame ¢f. Conditions of Appendix E. With
delay ( Del(s)=1/(Tuas+1) ) and Te=1/5000/3sec and low pass filter at current measurements (
Fi(s)=1/(Tis+1) ) with time constant T=1/5000sec.

7.2. Control of currents in rotating reference frame (dq) with cancellation of
coupling current terms for step inputs

This section includes also the inevitable delay between the voltage reference generation and
the actual synthetization Del(t) and the low pass filter at the current measurements Fi(t). This
is represented in block diagram of Figure 43. Note that at the grid voltages no filter has been
considered, because at strong grids, this voltage is not corrupted by ripple or other

perturbations.
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id*(t) + + . VCOnVa(t)
PI(t) 3 Del(t)
' iia(t) el | 6o | v
WO PI(t) . @ Del(t) | V1)
T %““)‘”L )
0=w-t PLL le— Vgu(t)
e— Vgu(t)
ia(t) iot)
DE— Fi(t)i'—
gl?

i) @ i)

Figure 43. Current control block diagram in rotating reference frame (dq) with two PI controllers and

cancellation of current coupling terms and inclusion of converter’s delay and filter for current

measurement.

The o and S components of the converter voltages, are mathematically represented in time
domain as follows:

Ve () = {([id*(t) —iy ) |®PIY))-cos(et) —([i, ®) —i, ©) |®PI(1))-sin(et) (178)
—w-L-i, (t)-cos(wt) —w-L-iy (t)-sin(wt) +v,, (t)} ® Del(t)

Vegmp (1) = {([id*(t) ~ig © |@PI(®))-sin(et) - ([i; (©) ~i, (©)]®PI(1))-cos(at)
—w-L-i, (t)-sin(wt) + @-L-i; (t)-cos(at)+Vv, (t)} ® Del(t)

(179)

Which is equal to:

Vo ® = (10 = (1, ) © . ) - cos@t) + (i, ©) ® F, ) -sinat)) | @ P1 ) - cos(et)

—([iq* )~ (~(i, ®© ® F, () -sin(@t) + (i, () ® F, (1)) cos(a)t))] ®PI (t))-sin(a)t)

(180)
—w- L-(f(ia O ®F (1))-sin(et) + (i, ) ®F, (t))-cos(a)t))~cos(a;t)

—w-L- ((ia (1) ® F,(t))- cos(at) + (i, () ® F, (t))-sin(a)t))~sin(a)t) +V,, (t)} ® Del(t)

Vs (1) = {([id*(t) (i, ® F.(0) - cos(wt) + (i, (1) © F,(1)) -sin(a)t))] ®PI (t)) -sin(at)

—([iq* ©—(-(i, () ® F 1) -sin(@t) + (i, () @ F, (1)) cos(at) ) | @ P! (t)) - cos(at)

(181)
—w- L-(—(ia O ®F (1)-sin(et) + (i, () ® F (t))-cos(a)t))-sin(a)t)

‘- L-((ia (1) ® F,(t))- cos(at) + (i, () © F, (t))-sin(wt))-cos(a)t) +vgﬂ(t)} ® Del(t)
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Considering step inputs at both I:'(s) and I;'(s) and assuming that the grid voltage is not
perturbed so it is purely sinusoidal, i.e., assuming no angle jumps and @ constant, the
previous time domain expressions can be transformed into the ‘s’ domain as follows:

(~oL)s? + (k0 — &’L)
s? + w?

s? + o?

Veona (8) —{—(kp + zk's j F (S)~|a(5)+[ J'E(S) 15(s)

- o ) 2 (182)
H GBI gy | B4, 9) | DeI(9)
S+to (Sz+w2) S+o (32+a)2)
vw(s)—{—[““’L)Szf(ki‘;"“’%)}Fi(s)AIa(s)—[kﬁ SR,
s +w s’ +w
y , o ., (183)
o o 20kS gy 9% KSE @) g v ()| Dels)
sT+o (sz+a)2) S+w (52+w2)
Being these expressions only valid for a step input at both Ii'(s) and I,(s):
1."(5) = | 17(9) 1A (184)

qa
S S

As done in previous chapters, combining the last two control law expressions with the power

circuit electric expressions, it is possible to derive the closed loop equation for both o and g
currents:

Ia(s){kpﬂki(fz_a:z)]( s zj(oel(s)jld*(s)_[kp+ sz‘Szj( o zj(Del(s)jlq*(s)
s“+w s“+w B(s) s“+0° \s*+w B(s)

(185)
Lo’ + (ko-e’L) |(F()-Del(s) ), o[ Del(s) | ,, ©
s+ ot Bs) )’ Bs) | ™
Iﬁ(s)=[kp+ zZKISZJ[ 2a)s ZJ[DBeI(S)JId*(S)J{kak.(jZ_a:Z)J( 2 s 2j[DBel(s)jlq,(s)
Sto )\S +o (s) S°+w s +w () (186)
(oL + (ko-o'L) |(F()-Del(s) ), R ESLCION VS
A(S) B(s) « B(S) 9p
Being again:
B(S)=(kp+ zk‘S 2j-E(s)-DeI(s)+R+Ls (187)
s’ +o
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In order to derive decoupled expressions that connect the outputs (I.(s) and I4(s)) directly to
the inputs (Ii'(s) and I;'(s)), a further mathematical development must be carried out. Hence,
by renaming the expressions (185) and (186) as follows:

1,(5) =G ()15 (8) + G ()1, (5) + Gy (S)1,(5) + G, (S)V,, (5) (188)

1,(5) =Gy ()1 (5) + Gy (S)1,(8) + G, ()1, (5) + G, (S)V, , (5) (189)

If we combine both equations seeking to eliminate I.(s) from the second equation and I(s)
from the first equation, the decoupled input-output transfer functions can be obtained as:

| (s) = G4 (8) + Gy (5)G, (5) L (8) + Gq (8) + G (5)G,4 () )
Tl 1-6,(99G,()  )° 1-G,(5G,.(5) )

(190)
J{ G, (s) JVW © { G, (5)G,, (s) ngﬂ ©
1-G,;(5)Gy, (5) 1-G,;(5)Gy, (s)
() = [Gﬂd (5) +Gyq (5)Gy (s)J L (5)+ {G 50(8) +G, (5)G,, (s)j )
! 1-G,,(5)G,(s) ) ° 1-G,,(5)G,.(5) ) o

G, (s)G,, (s) G, (s)
+[1—Gaﬂ 9G,.6) jvg“ (s”[l—eaﬁ(s)qm (s)]vg”(s)

The decoupled transfer functions are graphically represented in block diagrams of next
figure:
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| d* (S)
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Figure 44. Equivalent block diagram of the currents control in dq with cancellation of coupling terms

G,(s)
G,y (8)Gp, ()

oo
=
Feoem
=

G, (5)Gp, (5) J

and inclusion of delay and filter at measurements.

In this case, the resulting symbolic expressions maybe are too long to be represented here. It
is perhaps simpler to solve them numerically if further analysis is wanted to carry out. Note
that the terms multiplying the stator voltages, G.(s) are made zero very quickly so their effect
is only appreciated at the beginning when connecting the converter to the grid. Afterwards,
if the grid voltage does not change, the effect of the grid voltage in equations (190) and (191)
will be zero as well. Note that many other analysis could be carried out at this point, as for
instance, transient behavior analysis under different delays or filter conditions. However, this
is left as a future study in a different book to this.
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V Solid: Simulink blocks i Solid: Simulink blocks
Convaﬂ Dashed: Mathematical model O{ﬁ Dashed: Mathematical model

0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
(b)

Figure 45. (a) Simulink model for evaluating the step response, (b) Unit step (at both inputs)
response of control of currents in rotating reference frame (dq) with cancellation of coupling current
terms. Conditions of Appendix E. With delay ( Del(s)=1/(Tas+1) ) and T+=1/5000/3sec and low pass
filter at current measurements ( Fi(s)=1/(Tis+1) ) with time constant T=1/5000sec.

7.3. Stability analysis of both controls: pole location for step inputs

This chapter evaluates how the filter at current measurement and the delay affects to the
stability of the closed loop current control, in both studied control techniques: Control in
stationary reference frame (/) and control in rotating reference frame (dq) with cancellation
of current coupling terms. This affection, for simplicity will be only studied for a step input.

First, in Figure 46, the poles to a step input of different controls ( Transfer function I(s)/Is*(s)
) are evaluated, with a low pass filter at current measurements ( Fi(s)=1/(Tis+1) ) with different
time constants. It is clearly seen that the control in dg is affected much more severely by this
filter, altering the real part of the dominant poles significantly (poles affecting to the natural
response).
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Figure 46. Poles to a step input of different controls of Transfer function I«(s)/1s*(s), with low pass

filter at current measurements ( Fi(s)=1/(Tis+1) ) with different time constants: (T+=2/5000+4.4/5000,

increments: 0.2/5000). (a) Current control in ¢ff reference frame, (b) Current control in dg reference
frame with cancellation of coupling terms. Conditions of Appendix E.

Second, in Figure 47, the poles to a step input of different controls (Transfer function
I(s)/1:*(s) ) are evaluated, with different delays. Again, it is seen that the control in dg is
affected more severely by this delay, altering the real and imaginary parts of more dominant
poles (poles affecting to the natural response).
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Figure 47. Poles to a step input of different controls of Transfer function I«(s)/1s*(s), with different
delays (Del(s)=1/(Tas+1) ): (Ta=2/5000+4/5000, increments: 0.2/5000). (a) Current control in o} reference
frame, (b) Current control in dq reference frame with cancellation of coupling terms. Conditions of
Appendix E.
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Chapter 7: Inclusion of delay and filter at current measurement

Finally, in Figure 48, both effects of filter and delay are evaluated in the poles and zeros of
the closed loop systems. It is seen that combination of both phenomena move the poles more
significantly than in previous two analyzed cases, being again the control in dq the most
sensitive one. It is also seen that if the filter time constant Ti is made very big (severe filter
with big delay in current measurement) the system can become unstable.
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Figure 48. Poles to a step input of different controls of Transfer function I«(s)/1a*(s), with constant
delay (Del(s)=1/(Tus+1) ) of Ta=1/5000/3sec and with low pass filter at current measurements (
Fi(s)=1/(Tis+1) ) with different time constants: (T+=2/5000+9/5000, increments: 0.25/5000). (a) Current
control in of reference frame, (b) Current control in dq reference frame with cancellation, Conditions
of Appendix E.
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Chapter 8.

Step response analysis in a weak grid

This chapter provides an introductory or simplified analysis of what occurs in grid-connected
converters, when the grid to what is connected is weak. As shown in Figure 49, it is supposed
now that the series impedance of the grid Lg is considerable big in comparison with the filter
inductance L, so it cannot be assumed to be neglectable. This scenario is quite common in
some grids and commonly this grid’s impedance is quantified as the Short Circuit Ratio
(SCR). Hence, the following chapter shortly analyzes how the mathematical expressions

derived in previous chapters for both controls in af and dg are affected under these
conditions.

ia(L R L Lg i5(t) R L Lg
500
+ + + + +
Veonvedt) Vege(t) Vgd(t) Veonvs (t) Vegs (1) @ Vs (t)

Figure. 49. aff equivalent electric circuit connected to a weak grid with impedance L.

In the following figure, it is graphically shown how the steady-state vector diagram is
modified after a variation of the operating point. More specifically, after an increase of active
power.

Veony

9=t
Loli’| - (;\

Lyali’|

Figure. 50. Steady-state phasor diagrams under a change of active current operating point in a
weak grid (effect of resistance R neglected).
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8.1. Control of currents in stationary reference frame (aff control) with a PLL
tuned dynamically slow

First of all, the performance of the current control in stationary reference frame is studied.
For simplicity in the analysis, it is assumed the ideal control block diagram utilized in chapter
2 as shown in Figure 51, not considering filter at current measurement and delay between
control and converter synthesis of the output voltage. This choice helps a decoupled analysis,
understanding the effect of different phenomena separately.

ia (1) () + . Veonvalt)
PIR(t) —»(%)—.
aif ?iaa) Veorl)

iq*(t) is + Veonv(t
i5(t) PIRO) + (1)

O=0t I - Iiﬁ(t) ch/?(t;

PLL

I

cha(t) chﬁ(t)

Figure 51. Current control block diagram in stationary reference frame () with two resonant

controllers and converter connected to a weak grid.

It is important to highlight the fact that the converter’s control now sees voltages vego(t) and
vegp(t), which are affected by the current exchange due to the presence of the grid’s impedance
L;. Therefore, the input voltage that goes to the PLL and the voltage feed forward terms are
vego(t) and vegp(t). Then, regarding to the behavior of the PLL, for this analysis, it is supposed
that it has been tuned with a slow dynamic response. This means that when for instance, a
step is performed at the input current references, although the currents during the transient
response make vq.(t) and vep(t) voltages change, we will consider that the PLL will
synchronize with the new phase angle a time later. In other words, we will consider that the
PLL has been tuned, so that detects the phase changes due to the current changes, a time later
than they occur. This behavior is typical in some power electronic applications such as for
instance some type of battery chargers.

Therefore, considering this, when the step in performed at the reference currents, since $
angle is assumed that does not change, the voltage reference generated by the control is
equivalent to expressions (4) and (5), but only changes the voltage feedforward terms
(expressions only valid for step inputs):

2

vcm(s):—[kp+ zkis z)la(s)+[szkps L 2Jld*(s)—[ Kpws | okis” 2]lq*(s)wm(s) (192)

S+ + o’ (Szmz) S+’ (Szmz)
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vmvﬁ(s):—[kp+ ks jlﬁ(s){sk"ws +_2ks” Z}d*(s){szk‘f _+ ks’ 2qu*(s)wcgﬂ(s) (193)

s’ +a’ ‘+ o’ (52+a,2) ® (32+a)2)

On the other hand, the electric power circuit equations in Laplace domain are:

Voo (8) = 1,(8)- (R4 L8) +V,y, (8) = 1,(5)- (R +Ls) +1,(5) (Ly8) +V,, () (194)

Voo (8) = 1,(5) (R+ Ls)+chﬁ

(8)=1,(8)-(R+Ls)+1,(5)-(L,5) +V,,(9) (195)
By combining these last four equations and as commented before, if the voltage feed-forward
term is used and no delay is assumed in this measurement at the voltage synthesis, the Vegu(s)
and Vegg(s) are effectively cancelled and we obtain the closed loop current expressions, which
are equal to ones obtained in chapter 2, in a strong grid:

_ ks N S2 ) +e)- ks [ s )~ 196
Ia(s)—(kp+sz+w2)(A(8)jld (s) (kp+sz+w2j[A(S)J|q (s) (196)
B ks @S )| - ks s . 197
|ﬂ(s)_(kp+—SZ+QZJ(A(S)J|d (s)+(kp+—sz+w2j(A(s)jlq (s) (197)

Being:
A(s) = Ls® + (K, + R)s” + (L +k)s + (K, +R)o’ (198)

Therefore, under the considered assumptions and specially assuming that the PLL is tuned
dynamically slower than the time that the current needs to reach the steady state, it is
concluded that the currents behavior to a step input reference are not different in a strong
grid and in a weak grid. Note also that the & phase angle in this control method, only affects to
the current references i, (t) and iz (t), what means that it does not affect to the control loops’ internal
behaviour, resulting thus in a quite stable or robust performance to this fact.

Obviously, it is crucial to include the voltage feedforward terms in control as in equations (192)-(193),
otherwise, note that the current dynamics would be affected by the grid Ly impedance.
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8.2. Control of currents in syncronous rotating reference frame (dq control)
with a PLL tuned dynamically slow

In this case now, it is studied how the dg control’s performance is affected by a weak grid. In
Figure 52, the aff electric circuit of Figure 49 is transformed to a dq reference frame.

id( R L Lg

L;/\N\/_qmy\_@___qym_@_

-—+ + -— +

A L wiq(t) Lywiq(t)
@ ‘Vconvd(t) Vega(t) @ Vga(t)

iq( R L LQ

L—/\/\/\/um\—@———fKW—@—

. e t— .

L wiq(t) Lywia(t)
@ Veonva(t) Vega(t) @ Vgq(t)

Figure. 52. Equivalent electric circuit in dg, of grid-connected converter connected to a weak grid.

Again as done in previous chapter, it is assumed that the PLL is tuned in such a way that
detects the phase angle after the current transient ends after a step input. In a real application
for this scenario could be for instance a battery charger that is not required to actively
contribute to the grid support. Then also, not filter at the measurements and neither delay is
considered at the control. The control block diagram under this weak grid scenario is
depicted in Figure 53.
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i) . o Veondl)
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Figure 53. Current control block diagram in rotating reference frame (dq) with two PI controllers

with cancellation of current coupling terms and converter connected to a weak grid.

Therefore, since we are assuming that the phase angle 9 estimated by the PLL, does not
change during the step current response, it is possible for instance to simply do the analysis
in a aff reference frame. Hence, the voltage references provided by the control are equivalent
to those previously derived in a strong grid:

2 2

(~wL)s? +(kico—w3L)] 1L,
S"+w

V..., (S) = —[kp +%J 1, (s) +[
S"+w

e e ) 2 (199)
H 2 Km0 gy | o 20KS )4y, (9)
S +o (sz+a)z) S +o (52+a)2)
O e e R (Lo O
(200)

k ws 20k 52 . ks> ks(s?-w?) | .
+[ P ! ]Id (s)+[52p =+ ( - )]Iq (8) + Vg, (5)

s+ (524-a)2)2 to (Sz+a))2

On the other hand, the electric power circuit equations in af reference frame and in Laplace
domain are:

Vi () =1, 8)-(R+ L) +V,g, (8) = 1, 8)- (R + L)+ 1,,(5) (L, 8) +V,, 5) (201)
Vo () = 1,(8) (R4 L8) #V,,(8) = 1, (5) - (R+ LS)+ 1,(5) - (Ly8) +V,(9) (202)
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Combining all, the step current responses yield:

_ k(=) ) s ), «oy_ 2ks \( @s ), - (~wL)s? + (ko—a’L) 203
Ia(s)_[kps-r o j(A(S)JId (s) (kp+sz+wZJ(A(S)]q(s)+[ A jlﬁ(s) (203)

B 2ks \( s ), - k(s =0®) ) s )~ [ (0L)s®+(ko-a’L) 204
|ﬂ(s)_[kp+sz+wzj[A(s)]|d (s)+[kps+ o ](A(S)qu (s) [ A ]Ia(s) (204)

With:

A(s) = Ls® + (k, + R)s + (Lo +k))s +(K, +R)w? (205)

Being again these expressions only valid for a step input at both 1:(s) and I;'(s). Therefore, as
occurred in previous chapter, it can be concluded now again that under the considered
assumptions, the control performance in dg reference frame is equal in a strong or weak grid.
The same conclusions can be obtained if the analysis is performed in dq reference frame.

8.3. Control of currents in stationary reference frame (aff control) with a PLL
tuned dynamically fast

In this chapter, a step forward is given towards the inclusion of the Phase Locked Loop (PLL)
into the model of the control loops. In general, the PLLs are included into the control loops
enabling the synchronizing with the grid’s phase angle. Especially when the grid in which
the converter is connected is weak (it presents a considerable series equivalent impedance),
it is necessary to dedicate a special attention to this fact.

Hence, in general, the PLL must be tuned considering two main issues, among other
secondary factors. First of all, its synchronizing dynamics with the phase angle must be tuned
as desired (functionality) or required (norms or codes). Second, it must be able to reject a
certain level of perturbations such as, low amplitude ripples or noises. Thus for instance, in
the specific case of a wind turbine which must meet the LVRT grid code requirements [6], the
PLL should be able to quickly detect quick phase changes of the grid voltage during faults,
in order to quickly provide reactive current as demanded by the grid codes [17]. At the same
time, it should be also able to reject a certain level of high frequency (produced by
commutations of other converter connected to the grid for instance) or low frequency voltage
harmonics (flicker producing loads for instance), so they do not interfere negatively in the
normal operation of the converter.

Therefore, it is very recommendable to take into consideration the effect of the phase angle
estimation of the PLL and study how it interacts with the current control loops. By
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considering both PLL and control loops behavior, it is possible to detect instabilities or
abnormal performances of the entire control system.

However, most of the classic proposed PLLs at the literature [6] present an internal structure
that is not suitable for being modelled linearly in ‘s’ domain. The PLLs normally present an
intrinsic non-linear structure that obliges to apply linearization methods [16] if ‘s’ domain is
wanted to be applied for their studies. Thus, in order to solve this modelling obstacle, by
means of the block diagram of figure 54, an alternative PLL is proposed that at least in most
part of its structure is linear, or in other words, it can be modelled by using the ‘s” operator.
As can be noticed, two closed loops with resonant controllers are used in order to synchronize
with the main component @, of the grid voltages seen be the converter Vego(s) and Vegs(s). By
an appropriate tuning of the gains of the resonant controllers, k" and k#", it is possible to
obtain the desired synchronizing dynamic behavior and the ripple, oscillations or noise
rejection capacity. Then, once synchronized with Vig.(s) and Vegs(s), the cos(wt) and sin(wt) are
obtained by normalizing with the voltage amplitude as graphically represented (values
between -1 and +1). Note that by being strict, the left hand side of the proposed PLL can be
linearly modelled in ‘s” domain, but the right hand side, i.e. the normalization, presents a
‘smooth’ or ‘not severe’ non-linearity.

Without noise and desired

dynamic behavior \

VegalS ol [Veglcos(wt) cos(at)
c90(S) o szkl+2)2 9 =1
:I— (O+() Vel
chﬁ(s) + k ol klpll s +
P Veglsin(et) = sin(at)

Without noise and desired
dynamic behavior

Figure 54. Proposed Phase Locked Loop.

This PLL has been tested at different operation points and different scenarios, providing a
similar performance to classic PLLs. Despite the fact that the PLL of Figure 54 is used, the
model of the PLL is going to be assumed as represented in Figure 55. As can be seen, the
normalization is neglected (avoided), in order to obtain and therefore work with a linear
model of the PLL. Note that the amplitude error that is incurred would be less than 5% is
most of the realistic cases of a weak grid scenario.

90



Chapter 8: Step response analysis in a weak grid

Without noise and desired
dynamic behavior

VegalS) + o, ks [Veglcos(at) = cos(mt)
P 2 2 0
s*+w
Assumed |ch|
Constant
chﬂ(s) + e kip”S :
P Veglsin(eot) = sin(at)

Without noise and desired j

dynamic behavior

U

Vego(S) k's? +kP's + kP o? cos(at)
(1+ k:j")s2 +kMs+(1+ k;")mz -
[Veg|
Veg(s) kP's? + ks + kM w? f
(1+k§")sz+kip"s+(1+k;’”)a>2 | = sin(at)
Assumed
Constant

Figure 55. Proposed Phase Locked Loop model, which is an approximation of the actual PLL, but can

be linearly modeled in ‘s” domain without a considerable error.

Therefore, the linear model of the PLL neglecting the variation of the grid voltage amplitude
seen by the converter during the transient is given by:

cos(at) k™ -s*+k™s+k," o 1 (kpp”.sz+ki“".s+kp""~w2)/(1+kp””) 1 (206)
Vg () (1+kpp")~sz+ki"”~s+(kp""~a)z+a)2) IV | sz+(ki""/(1+kp””))-s+coZ V.

cga cg cg |

sin(wt) _
ch/i (S)

cg

kppll'52+kipll'S+kpp"’0)2 ,i: (kpp”-52+kip"-s+kpp”-wz)/(l+kpp”) . 1 (207)
(1+k,™M)-s? 4k s+ (k" 0" + ) | [V | sz+(ki""/(1+kp"”))-s+a)2 [Veg |

Then, by equaling the denominator to the canonic second order equation, we have:

0, =0 2éw, =k p"/(1+ k,™ ) (208)
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What means that a possible criterion for tuning the resonant controller (or synchronizer)
could be to locate the poles, with a certain desired damping ration & providing first a free
value for k. What means:

kppll _o1 ’ K, pll _ 2t0, (1+ kppll) (209)

On the other hand, the following figure 56 shows the poles and the Bode diagram of the PLL,
by using the previous two model equations, with different values of k! and k#" first, and
then, with different values of k# leaving constant k"

Pole-Zero Map Bode Diagram
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Figure 56. Poles and Bode of the simplified model of PLL with different values of k,”' and ki"". Blue: k,"'=0.1,

Red: k,"'=0.05, Orange: ky"'=0.01, in the three cases: k' = 2-0.2-314.16(1+ kp””)-
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Figure 57. Poles and Bode of the model of PLL, with different values of k" keeping constant k" k"'=0.01.

Blue: k™ =2.0.2-314.16(1+k,™ ), Red: k" =2.0.1-314.16(1+k,™ ), Orange: k' =2.0.02-314.16(1+k,™)-

In first set of results, it is seen that the poles are not modified and therefore, neither the
dynamic response of the synchronizing process. However, the attenuation (rejection) to
different frequencies of @ can be made bigger or smaller. On the other hand, by leaving
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constant k#" and modifying k!, the poles can be modified as well as the rejection to
frequencies near .

Thus, once the PLL model and its tuning method is clear, the mathematical model of the
current loops including the PLL can be also obtained. The « and B components of the
converter voltages, considering the grid voltage feedforward terms, are mathematically
represented in time domain as follows:

Vo (1) = (iy” (1) - COS(0t) ~i;” (1) -sin(wt) ) @ PIR(E) i, (t) ® PIR() +V,y, (1) (210)

Vegnys (©) = (i (©) -sin(@t) +i (t) - cos(et) ) ® PIR(E) =i, (t) ® PIR(t) + Vg (1) (211)

By substituting the model of the PLL:

Voan (1) = [id*(t) (PLLO ®,y, ) ﬁ -1 ©-(PLLO) ®vcgﬁ(t>)~ﬁ] ®PIR(1) (212)
=i, (t) ® PIR(t) +V,y, (1)
Voo (1) = [id*(t) (PLL() ®vcgﬁ(t)).ﬁ+ iy () (PLL®) ® Vv, (1))- |v1 J@ PIR(t) (213)

~i,(®) ® PIR(t) +V,y, (t)

Considering a step input at both 1s'(s) and I;'(s) and | V| constant, the previous equation in
Laplace domain after substituting the PLL’s transfer function yields:

. . k™8 +k™ - s+k ™ o 1 ks
Vconva (S) :(| Id |'cha (S)_l Iq |'chp(s))'[ p i ] (kp + ! )

(LK™ )% +k ™ s+ (k- 0 +0°) Vol s+ (214)
k;s
-1,(s) k”+sz+a)2 +Vg, (8)
kP.s? k™. .s+k . @? 1 ks
Ve (8 =(1,7 [V ()+] 1.7V (s)) P : P . ok F—
conv/f() (| d | cgﬁ() | q | Cga( )) [(l+kppll)-52+klp”~S+(kpp"'a)2+a)2)] |ch| [ p Sz+a)2j (215)

ks

—Iﬂ(s){kp + ) J‘rwz}rvcgﬂ(s)

Thus, by expressing the previous two equations in transfer function form (only valid for a
step input at both 1s'(s) and 1;'(s)):
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vm(s)=(Id"(s)vvcga(s)—lq*<s)~vcg/,(s))v[ WML T b ] 1 -[lwﬁj

(1+kp"")~sz+ki""-s+(kp"”~a)2+a)2) [V, | ¥+ (216)
k
“1,(s) -[kp 5 +'Sw2 j+cha )
X X kppll Y +k|p|l _S+kppll . @? i kiS

Vconw(s) _(Id (s) 'ch/i(s) +1 (s) Voge (S))‘[(l_'_kppu )'SZ + kipn ,s+(kppl| P +w2)J IV, | (kp + 2 +a)2j (217)

_|ﬂ(s).[kp + szkfaf j+vcg/j(s)

Now, taking into account the power circuit equations:

Voo (8) =1,(8)-(R+L5) Y, (9) (218)
Vs (8)=1,(8)-(R+Ls) 4V, (5) (219)

The closed loop current transfer function expressions yield:

14k, ™)-s” + kP -5+ (k" 0" + o) As)

Ia(s)—(';(syvcga(s)—Iq*<s)~vcgﬁ(s))~{( SO I ] . ['“”‘“"“’J (220)

|ﬂ(s):(|d*(s)-vcg[,(s)+|q*(s).vcga(s))-[( k™ " k™ s +k,™ - 0f ] L [kpsz”‘s”‘p“’j (221)

1k, ™) 52 +k s+ (kM 0’ +0°) A(s)

Or equivalently:

) . kppll g2 kipll . kppll L2 1 kppll k 2 ki k 2
LO=(16) V)1, <s>-vcgﬁ<s>)~[( ) = )]'wl () e
i p )

cg

N . k pll . 2 kipll . k pll 02 1 k pll k 2 kI k 2
BT ) 4 ot

cg

Being as usual:

A(s) = Ls® +(k, + R)s® + (Lo’ +k)s +(k, +R)a’ (224)

Thus, in Figure 58 the poles of previous two current expressions are shown together with the
Bode diagram of the PLL. It is seen that the poles corresponding to the PLL dynamics have
been tuned slightly faster than the slower poles of the current dynamic, so their real part is
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around 60. At the Bode plot of the PLL transfer function, it is seen that a good rejection to
frequencies different from 50Hz is achieved.
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Figure 58. Poles of the closed loop currents (expressions (222) and (223)) and Bode of the model of
PLL: k' = 0.1 and k! = 0.2-(1+kp_pll)-2-w;

Finally, the time domain responses to a step input at current iz and i; references is presented
in Figure 59. It is seen that the Simulink based model and the mathematical model present an
exact match. In this case, the grid impedance has been considered L=125uH. For a step input
at both d and q current references, it is seen that the grid voltage seen by the converter (Vc)
falls approximately 4% in amplitude. Consequently, this proposed model shows that under
certain assumptions, it is also possible to linearly model using the Laplace transformation,
the PLL itself together with the current control loops. Further analysis and inclusion of the
PLL model in dg controls, are left for future works.
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Figure 59. (a) Simulink blocks based model, for evaluating the Step response of control of currents in

stationary reference frame (o) and including the PLLs dynamic behavior, (b) Time domain
responses comparison of mathematical model and Simulink blocks based model for a unit step input
at both references. Conditions of Appendix E. R =0.01Q; L = ImH; L¢=0.125-L.
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Chapter 9.

Conclusions

In this book, it has been shown that it is possible to obtain useful mathematical expressions
in of frame (stationary reference frame) of controls developed in dg reference frame
(synchronous rotating frame), for three phase grid-connected converters. Thanks to these
mathematical expressions, it is possible to know the actual behavior of the converter’s
currents and voltages, i.e. the actual aff converter’s currents and voltages, despite the fact that
they are controlled under a dq reference frame. In addition, these mathematical equations
provide a common framework that allow comparing controls conceived in different reference
frames, i.e. aff controls with resonant controllers and dg controls with PI controllers.

Thanks to this analytical tool, in this book several conclusions have been derived by applying
the classic control theory analysis. One remarkable fact is that the dg control with cancellation
of coupling terms, provides the same current transient response (natural response) to step
inputs, in af frame or in dgq frame. Being more precise, this means that the real part of the
poles of the closed loop current transfer functions (damping factors), are the same in a7 frame
or in dg frame. Indirectly, this fact means that if in a dg control with PI controllers, if the
current coupling terms are not properly cancelled by control, or simply are not considered at
all, the transient response of the controlled currents will be different in af frame and in dg
frame.

Regarding to the frequency response analysis of the controlled currents, i.e. the Bode
representations, it is a curious coincidence that the af control and the dq controls without
cancellation of coupling terms, provides an equivalent Bode amplitudes. Being more specific,
this means that both controls obtain the same amplitude gains of the controlled currents at
the evaluated frequencies.

Connected to this frequency response analysis, it is also remarkable that the dg controls with
cancellation of coupling terms, is the only control evaluated that achieves equal amplitudes
at both output current frequencies w+ar and @@, when a @ frequency is set at the current
reference input. This fact means therefore that the other two evaluated controls, the of
control and the dg controls without cancellation of coupling terms, obtain different output
current amplitudes at frequencies w+w and @-@i;, when a @ frequency is set at the current
reference sinusoidal input.
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In addition, the mathematical tool presented in this book, has shown that is possible to go
further and study how the control is affected by phenomena that could be important in some
specific contexts. The phenomena shortly evaluated have been: significant delays between
the control and converter synthesis, significant filtering actions at currents measurements,
converters connected to weak grids, PLLs tuned with particular dynamic behaviors, etc...
One more utility of some of the mathematical expressions derived in this book, could be the
analysis of how different converters with their corresponding controls interact, in specific
grid scenarios [14]. Connecting together the mathematical models of several grid connected
converters’ controls and the grid impedance models where they are connected, can also
provide more analytical information about issues such as: stability, oscillations, steady-state
behavior, etc...

As extension possibilities of the proposed mathematical model approach, it is remarkable
that this method can also be applied to grid-connected converters that exchange currents with
the grid of different frequencies, such as for instance, active filters or converters with active
impedance functionalities [14]. In addition, this modelling approach can be also directly
applied to control of different topologies of three phase AC motors. For instance, control of
asynchronous motors, control of synchronous motors and control of doubly fed induction
motors. In this context of three phase AC motors as well, the dg control with PI controllers is
widely extended among researchers and manufacturers, but is not so common to study how
is the performance of the actual aff currents or fluxes of the motor. As in three phase grid-
connected converters, it is assumed that the behavior of the dg and af currents is in some
way similar or equivalent, but not being able to specify quantitatively how equal they are, or
how much they differ.

Finally, as a future improvement of the proposed modelling approach, could be to develop
discrete mathematical models (in ‘z” domain) that are able to incorporate the discrete nature
of the controls, when they are implemented in microcontrollers. Thanks to this, it could be
also studied more powerfully how affects to the control factors such as; sample time,
discretization methods, delays, etc...
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Appendix A.

Step inputs in control at stationary
reference frame (af3)

From the control equation:

Voo (1) = (i (1) - COS() i (1) sin(et) ) ® PIR(L) i, (t) ® PIR(t) +V,, (t) (225)

It is equal to:

Ve ®) = iy (1) -cOS(et) ) ® PIR(®) (i, (1) -sin(et) ) ® PIR(Y) i, (t) ® PIR(t) +V,, (1 (226)

Applying the Laplace transform to each part of this equation, and substituting a step in both
inputs ia'(t)=1s"| and i5'(t)=11;"1, at t=0:

K[(| 1 .cos(a)t))®(P|R(t))J:£| N 5 jaﬁj[kp ki fwzj (227)
([(=11"1sin(t) ) ® (PIR()) =[—I 1 fwzjﬂkp ko fwj (228)
([(-i,)®(PIR)] =(—|a(s))(kp +kig fwj (229)

(Ve ®]=Vee(s) A [y, (0] = Vi () (230)

Note that the convolution product in ‘s’ domain becomes a product. Therefore, the converter
voltage in ‘s’ domain for step inputs yields:
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Vconva(s) :_(kp +2kis)|a(s)+{szkps _+ kiSZ Jl |d* |_{ zkpa)z + a)kiS2 z]l Iq* |+Vga (S) (231)

s’ + o’ +@ (52+m2)2 s+o’ (5?4 0?)
Knowing that the step inputs in ‘s” domain are:

I, :
IN o] (232)

Iy (s)=

d
S

This last equation can be expressed in transfer function form as follows:

Vconva(s):_[kp +L2]|a(s)+£szkis 2 + klss )ZJI;(S)_{ kpws + a)kisz )leq*(S) +Vga(5) (233)

2 2 2
" +w 1) (52+a,2 s"+w (32+w2

Being this last expression only valid for step inputs. The f expression can be deduced in an
equivalent manner.
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Appendix B.

Sine and cosine inputs in control at
stationary reference frame (af)

From the control equation:

Voo () = (i, () - cos(t) ) ® PIRE®) — (i, (1) -sin(t) ) ® PIR(t) —i, (t) ® PIR(t) +V,,, (1 (234)

Taking for instance as inputs a sine and cosine at I:'(s) and I;(s) respectively, at t=0:

i, () =1, sin(w)  and i@t =1, |-cos(eyt) (235)

Applying the Laplace transform to the first two elements of the right hand side of this
equation:

o[ |d*|-Sin(a)lt)-cOS(a;t))@(mR(t))J _ {[ 1|

-sin((@, + @)t)+ Mo | | -sin ((@, — w)t)]@(PlR(t))}:

. . (236)
_(l i | (o +o) +| d (o, — J(k +k, j
2 s*+(w +o) 2 s? +(a)1 s+’
=1, “|-cos(mt) - sm(a)t) PIR(t) “q ! sm (a)1+a))t ! *|-sin (o, —o)t) |®(PIR{M)) |=
. Lsin (@ - a)t) | ©(PIRW)
(237)

__ M (o +0) _i (o - (k +k, J
2 S+ (o +w) 2 ¢ +(a)1 "+’
Thus, the complete ‘s’ domain equation yields:
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vm(s):—(k L Jla(s)+(|ld*|]( @ro) _(@-o) J(k Tk —— j
L 2 S+ (o, +w)  $°+ (o - o) P s? +

0 (238)
_ q (wl + C()) _ (601 — C()) [k k S ) \Y;
( 2 J(Sz+(a}1+a})2 Sz+(a)l—a))2j 0 s+ 0’ Voo ()
Knowing that the sine and cosine inputs in ‘s’ domain are:
. x * . * @, *
;") =1, | -sin(@t) N 1(9)= +1w12 N (239)
. ox * * S *
i."(t) =1, | -cos(at) > 1= m| 1| (240)
This last equation can be expressed in transfer function form as follows:
k.S 1\ s* +a° o+ 0] .
Vconva(s):(kp+ 7 2][—|a(5)+(—j( j[ 2 7t 2 ZJM (s)
s+ w 2 o, $*+ (o +@)°  S"+ (v —w)
(241)

_(lj{32+w12J[ 2 W +o __ )~ Zjlq*(s)}LVga(s)
2 S S +(o + )" s°+ (0w —-w)

Being this last expression only valid for inputs sine and cosine at I:'(s) and I;'(s) respectively.
The S expression can be deduced in an equivalent manner.
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Appendix C.

Step inputs in control at synchronously
rotating frame (dq) with cancellation of

coupling terms

From the control equation:

Ve ® = ([15" © = (i, (©)-cos(@t) +i,, (1)-sin(at)) |®PI (1) )-cos(at)

—([iq*(t) ~(-i, @©-sin(et)+i, (t)-cos(et)) |@PI (t)) -sin(et)
—o-L-i, (t)-cos(at) —m-L-i, (1) -sin(awt)+v,, (1)

It is equal to:

Veonver (t) Iy ( ®P|(t)) COS(a)t)

i (t)-cos(wt) ®Pl(t))-cos(wt)

i, () ®PI(t))-sin(at)

q

(i
(i
( iy (t)-sin(ot) ®Pl(t))-cos(wt)
(i
2

(i, (t)-sin(at) ®P|(t)) sin(at)

+(( 5 (t)-cos(at)) ® PI (t)) -sin(ot)
~o-L-i, (t)-cos(et) - - L-i, (t)-sin(at) +v,, (t)

(242)

(243)

Applying the Laplace transform to each part of this equation, and substituting a step in both

inputs i'(t)=11s'1 and ig'(t)=11;"1, at t=0, we have several terms that can be solved separately

in several steps [13]. Starting from this one for instance:

~((i, (©-cos(et)) @ PI(t))-cos(et)
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First, it is known that:

i (1)-cos(at) = %u (t)-e/ +%-ia (t)-e 1

By using the Laplace transform property:

([e™ - f()]=F(s+a)

The Laplace transform of expression (245) yields:

fB-ia(t)-ef”‘ +§-ia<t)-eﬂ=§('a(s— j@)+1,(s+ jo))

Once we have this part solved, the following element is:
. 1 . . K,
C[(Ia (t)- cos(wt))@ Pl (t)} = E(I“(S —jo)+1, (s+ ja)))-[kp +;J =F(s)

Finally, the total term is:

~((i, @©)-cos(et))®PI(t))-cos(at) =~ ,(t)-cos(et) = —% () + 1, (1))

So its Laplace transform is:

1 jot — jot 1 H R
K{—E-(fl (t)-e +f (t)-e )}:—E-(F1 (s—jo)+F, (s+ o))
And substituting in F1 expression (248):

([—((ia (t)-cos(at) ) @ PI (1)) cos(wt)} =

_ [|:_%,(f1 (- + f, (t).eiwt)}:_%.(ﬁ (s—jo)+F (s+ jw))=
1 ) ki 1 : k
:_Z.(la(s—ZJw)+Ia(S))'[karS_jw]—z'(|a(5+21“’)+Ia(s))'[kp+5+ja)]

Then, taking the term that also depends on i,(t) and on sinus terms:
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~((i, (® -sin(wt)) ® P (1)) -sin(ct)

It is known that:

i, (1) -sin(at) = i i, (t) - e _i_ 0, ()6

The Laplace transform of this term therefore yields:

{ia(t)-sin(wt) zzij-ia(t)-eiw‘ —Zij-ia(t)-e"”‘}:zij(la(s— jo)-1,(s+ jo))

Once we have this part solved, the following element is:
([(i, @ sin(@t) ®PI(©)]= L)1, s+ jo) [k + 5 = F )
a 2_] a a p s 2
Finally, the total term is:

—((ia (t)sin(mt))@Pl(t))-sin(wt):—fz(t).sin(wt):—Zij.(f2 (t)-e —f, (t)-e)

So its Laplace transform is:

{—Zij-(fz ©-e" -1, (t)~ej”‘)}=—2ij-(a (s-jo)~F, (s+ jo))

And substituting F: from expression (255):

([—((ia (1) -sin(at)) @ P1 (1)) .sin(wt)} -

:f[—ziju(fz - -, (t)-e"’“‘)}—%(ﬁ (5= jo)=F, (s+ jo)) =

1 - a
:Z.(la(s—zjw)—us))‘(kp Yo

]—%-(—Ia(s+2ja))+Ia(s))«(kp sk ]

S+ jo

Consequently, adding terms (251) and (258):
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c[ (i, ®-cos(at)) @ PI(V))-cos(et) — (i, (t)sin(et)) ® PI (1)) sin(a)t)}:
:—% (1,(s+2jw)+1,(s))- ( S+j ] % I,(s-2jo)+1, (s))( s—kijw]Jr
411 (1, (s-2jw) -1 (s))[ S—ja)] %( I,5+2jo)+1, (s))( sfijwjz

1 K, K,
:_E~[kp+s+jw+kp+ - ]~Ia(s):

s
s? +

= _[kp +2kl—] I, (s)

Following the same procedure with terms with sine and cosine:
~((i, ®)-sin(@t)) ® PI (1)) cos(et)

Its Laplace transform is equal to:

é[—((i,, (t)-sin(et) )@ PI (t))~cos(a)t)J _

1 k; 1 K
:_4_J( | (S+2Ja))+| (S))[ i j 4J (/i(s 2J0)) |/5(S))( s_l- J

S+ jo jo

While the other term with sine and cosine:
((i 5(t)-cos(wt)) ®PI (t)) -sin(et)

Its Laplace transform is equal to:

c[((i/,(t)-cos(a;t))®Pl(t))-sin(wt)]:
=—4ij-(|ﬂ(s+2jw)+|ﬁ(s)).(kp+ ki_ j i(l (s-2jw)+1 (s))[ Ski_ ]

S+ jo) 4j

Consequently, adding term (261) and (263):
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C[—((iﬂ (t)-sin(et) ) ® P (1)) cos(et) + (i, (1) -cos(et) )@ PI (t)).sin(wt)} =

=—4ij-(—|,,(s+2jw)+ Iﬂ(s))-[kar Sf‘jwj—%j'(lﬂ(s—ij)— |ﬁ(s)).[kp+ S_k'jw]
1 ) K, 1 . k
_4_j.(|/,(s+21a))+ I/,(S)).[kp +S+'jwj+4_j.(ll,(s—2jw)+ I,,(s))'(kar s—ljwj (264)

1 ki k;
:—_{—kp— - +kp+s_jwj-lﬂ(s):

Then, there are two terms that depend on the reference inputs that are solved as follows:

@[(id*(t) QPI(1))- cos(wt)] -

265)
1., Kk )1, . . K, (
=E-Id (S—ja))-[kp+ —ja)]+§'ld (s+1a;)-{kp+s+jw]
Considering a step input at both 1:'(s) and I;(s):
NOELS 15 = o] (266)
s s

The previous expression yields after substituting the step input:

€|:(id*(t) ®PI (t))~cos(a)t)} =
P VR T P I P (267)
2 s—jol " s—jo) 2s+jo\ " s+jo

And after several developments seeking to eliminate the imaginary operator ‘j’:

f[(id*(t) ®PI (t))-cos(wt)] =

s+’ (S2 +an)2

Doing the same with the following term:
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C[_<iq*(t) ®PI (t))-Sin(a)t)J =

1 . . 1 . . (269)
:—2—j~lq (s—Ja))(kp+s_jwj+2—j~Iq (S+ja))~(kp+s+ij
Substituting the step input:
ﬂ[—(iq*(t)®Pl(t))-sin(wt)]z
\ . (270)
SO DL YL T P L I
2 s—jo\ " s—jo) 2j s+jo\ " s+jo

And after several developments:

e[—(iq*(t)@)Pl(t))-sin(wt)]z
:_{ kew — 20k;s J'“*' (271)

§* + o’ (s2 +a)2)2

Finally, the remaining terms are:

—o-L-i,(t)-cos(at) — - L-i, (t)-sin(awt) +v,, () (272)
Substituting their equivalent currents in ¢f representation:

~-L+(~1, (1) sin(at) +i, (1) -cos(et) ) cos(@t) - - L.-(i, (1) - cos(et) +i, 1) -sin(at) )-sin(et) +v,, (1 (273)

Rearranging terms and applying trigonometric equalities, it is obtained:

~o- Loy () +v,, (1) (274)

So its Laplace transform:

([=o- L1, () +V,, () |[=—0-L-1,(5) +V,,(5) (275)

Hence, adding all the resulting terms, the Laplace transform of the complete expression (242)
is:
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S +w

2 _ 2 276
1{ k,s +ki(s a)z)}“d*'_[ kew ZWkiS)ZJ'||q*| (276)

s +of (Sz+a)2) s+’ (Sz+a)2

Vo (S) = _(kp +%j I(s) +[(_COL)SZ 2+ (kifzo—aﬁL)j |ﬁ(S)
S"+tw

Knowing that these expressions are only valid for a step input at both I:(s) and I;(s), we can
represent them in transfer function form:

Vo (s) = _[kp + zkl—sj I, (s) + [ (—a)L)sz;_ (kiCZU— a)3L)] |ﬁ(S)
S + @

+ &? s

2 2 2 2 277
_{ k,s +kiS(S a))}d*(s)_[ Kows — 2aks ]Iq*(s) (277)

S+0’ (s rat) S0’ (5ot )
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Appendix D.

Sine and cosine inputs in control at
synchronously rotating frame (dgq) with
cancellation of coupling terms

From the control equation that has been solved in previous chapter:

Veonva (t) | (t) ®PI (t)) COs(a)t)

(i, (t)-cos(et)) ®Pl(t)) cos(at)

i, () ®PI(t))-sin(et) (278)

(i
~((i,
( i, (t)-sin(wt) ®Pl(t))~cos(cot)
(i
~((i, @ -sin(et) ®P|(t)) sin(t)

+(( 5 (1) cos(at)) @ P (t)) -sin(awt)
—w-L-i, (t)-cos(at) —@-L-i; (t)-sin(wt) +v,, (t)

Only two terms that depend on new inputs must be recalculated. Assuming as inputs a sine
and cosine at I4°(s) and 14 (s) respectively, at t=0:

i, ()1, [sin(@)  and i"(t) <1, cos(@yt) (279)

These terms are:

(i, © ®PI(1))- cos(et) and ~(i, () ®PI (t))-sin(at) (280)
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In this case, we will solve the problem by following an alternative method. First of all taking
the Laplace transform of the input reference and the PI():

1

- ) k) ] Ko k-,
[, (t)®P|(t)]=(| I |32+wzj(kp+;j—| Iy I(Szm12 +s(sz+wlz)] (281)

Now taking the inverse Laplace transform:

. | ko - . . .
i () ® Pl(t):é{l Iy I[Sz‘;zz + S(Skz' f);)z)ﬂ all |(kpS'”(wit)+%(1—005(wﬁ))J (282)

1

Multiplying this last expression by cos(at):

i, () ®PI())-cos(wt) = 1, || k, sin(et cos(a)t)+£(cos(a)t)—cos wt)cos(wt))
Sin(et) (et)cos(et)

2]

(283)
<[k Ky /o . k.
1, |[ECOS(M) +7(sm (@, + @)t) +sin((e —az)t))—z—ajl(cos((a)1 +o)t) +cos((a, - a))t))J
And its Laplace transform is calculated directly:
f[(id*(t)®Pl(t))~cos(azt)]:
=||d*|£ﬁ[ s zj+ﬁ{ _ote |, o-o Zj_i( s s zD (284)
o\ "+ o, 2 "+ (w+0) s +(w-w) 20\ "+ (o, +w)° s"+(w —w)

Being this expression only valid for a sine input at 4 component current:

Following the same procedure the remaining term and considering a cosine input at g
component of current reference:

- . s k; . k,s k.
C[Iq (t)®P|(t):|:[| Iq |m}(kp+?‘j:| Iq I[Sz :wz +sz +IwzJ (285)

Now taking the inverse Laplace transform:
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- Ll [ Kpes K, i ki o
i () ®PI(t)=¢ [llq I[ s+ ZH—IIq I[kpCOS(wJHw S'”(wlt)j (286)

2 2
sS+w? ST+, )

Multiplying this last expression by sin(wt):

~(iy () @ PI(V))-sin(et) =—| 1, |(kp cos(myt)sin(wt) +ﬁsin(wlt)sin (a)t)] =
@

) (287)
=11, [%(sin (&, + @)t) —sin (e, — o)t)) + Zk—ai)l(—cos((a)1 +o)t)+cos (e, — a))t))]
And its Laplace transform is calculated directly:
c[—(iq*(t) ®PI (t))~sin(a>t)] =
__“*l[k_p[ o+to  o-0 ]+L[— s . s B (288)
T2 S+ (o) (g —w)?) 20 $P+(o+w) §+(0,-0)

Hence, adding all the resulting terms, the Laplace transform of the complete expression (278)

is:

Vo ()= b 2 lea(SH[(_WL)Sz; (k‘i‘"“’3L)]lﬂ(s>
S"+w S"+w

. K, oto | o-o |
2\ + (o, +w)? P+ (0 -w)? ) *

45 e (289)
s? +(a)1+a)) s +(w, -0)" s“+o
[k o+ o — IN
2 )\ $% + (o, + ®) SZ+(a)1 )*
(o it
o, )\ §° +(a)1+a)) s + (0, — w) ! 9

Knowing that these expressions are only valid for a sine and cosine input at both I+ (s) and
1;'(s) respectively, we can represent them in transfer function form:
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k (~wL)s® + (ko — &®L)
conva(s)__( jl () ( Sz+a)2 Jlﬂ(s)
s? +a)l o+ OX0) j' “(s)

s? +(a)1+a)) s -9—(501—60)2 ¢
J(s + o, J[ s i 2s j' ©)
s +(a)1+a)) s +(o,-w) s*+o
s+a)1 o+ o, -0 jl*(s)
s° + (o, + ©)° S +(o, - )" ) *
LA ”"12 5 jl “(s)
2(01 s? +(a)1+a)) S +(o,-w)® ) °

+V,, (s)

(290)
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Appendix E.

Numerical conditions for simulations

AC grid:

Ly = OmH,
o=2-pi-50 rad/s
|Vg|=1V

Filter:

R=10mQ
L=1mH

Control:

w1 =11-wrad/s

@n = (R/L)-25 rad/s
&=1.01

kp =si-L-2-an — R = 0.495
ki =L-an? = 62.5
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Appendix F.

Experimental platform

AC grid:

Ly = OmH,

o= 2-pi-50 rad/s
IVg]=25V

Filter:

R=32mQ
L=4mH

Converter:

2L - VSC — with IGBTs, commutating at fsw=8kHz.
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Appendix G.

Space Vectors

Next figure graphically shows the two reference frames in which the space vectors can be
represented:

"Q

Figure 60. Transformation between stationary and synchronous reference frames.

Transformations between reference frames are made according to the following matrix
equations:

Vg | [coso sing]v, 201
VY, | [-sing cosé]|v, | (291)
v, | [cos® —sind|[v, ] 200
v, | [sing  coso ||V, | (292)
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Finally, to transform into a three phase system:

1 0
X
‘ 1 B [x
% |=|-5 5 {XJ (293)
XC
1 N8
L 2 2]
X 0|t _% _; :
a -z Jx
{XJ 3l NG Xb (294)
2 2 ¢
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