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Simple voltage balancing method to protect
series-connected devices experimentally
verified in a 53L-MPC converter

Mikel Mazuela, Member, IEEE, Igor Baraia, Alain Sanchez-Ruiz, Member, IEEE,
Ivan Echeverria, Ifiigo Torre and Ifigo Atutxa

Abstract—This paper presents a solution for the voltage
balance problem of the series-connected devices that can
be applied to multilevel converters in which the series-
connected devices need to block twice their switched
voltage. The solution is based on two ideas, the control of
the switching commands to achieve proper switching
losses balance and the use of additional circuitry to achieve
proper voltage balance during their blocking state. The
proposed strategy is experimentally validated into a 5
Level-Multi Point Clamped (5L-MPC) full-scale converter.
However, it can be used in any other converter topology in
which the devices need to block twice their switched
voltage.

Index Terms—Medium voltage (MV), multipoint clamped
(MPC), multilevel converter, neutral point clamped (NPC), T-
type converter, voltage source converter (VSC), insulated
gate bipolar transistors (IGBT), series connection of
semiconductors.

[. INTRODUCTION

OWER electronic converters transform electrical energy
flow from one form to another, satisfying specific needs of
the application. The development of power semiconductor
devices has increased the number and type of applications
where power converters are used. Among these applications,
Medium Voltage (MV) drives [1]-[4] make the variable speed
control of synchronous and asynchronous machines possible. In
general, a grid side converter controls the common DC-link
voltage while a machine side converter transforms the DC
voltage into variable frequency and amplitude voltage [5]-[7].
Power electronic converters are mainly based on power
semiconductors, being the silicon (Si) the most widely used
material for their construction. The relatively narrow band gap
of the silicon (1.1eV) limits the maximum voltage-blocking
capability of the semiconductor to less than 10 kV. This implies
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that the voltage blocking capability of these semiconductors
cannot be sufficient for real Medium/High Voltage applications
[8].

The series connection of power semiconductor devices,
enables the operation of well-known few-level converters (2L
VSC, 2 Level-Voltage Source Converter; and 3L-NPC, 3
Level-Neutral Point Clamped Converter [9]) at voltage levels
higher than the rated voltage of one single semiconductor.

In case that some semiconductors need to be series-
connected, the IGBT is the preferred choice over the IGCT
because the IGBT allows the control of the switching dynamics
by means of the gate terminal. This makes the proper voltage
balance of the series-connected IGBTs possible, avoiding the
use of bulky and lossy snubber networks or at least minimizing
their size [7], [10].

Fig. 1 shows typical voltage unbalances between unmatched
series-connected IGBT devices. It can be observed that big time
deviations can be measured at turn on and turn off switching
transitions. Those time deviations lead to voltage unbalances
and power-loss unbalances between the series-connected
devices. As it can be observed in Fig. 1, tail current differences
have a notorious negative influence on the voltage unbalance
for a relatively long time (several tens of microseconds) [11],
[12].

There are several proposals to improve the voltage unbalance
problem between the series-connected IGBTs. Among the
solutions, there are the snubber circuits [13]-[16], active clamp
circuits [17] or active gate control methods [11], [12], [16],
[18], [19]. Snubbers are reliable and simple solutions to achieve
a proper voltage balance between the series-connected devices.
However, the increase on the overall power losses make them
an unattractive solution [12].

Clamp circuits limit the maximum blocking voltage of any
device. The extra losses generated when the IGBT operates in
the active region make them unattractive for high power and
high switching frequency applications.

Active gate control methods modify the switching behavior
of the IGBT controlling the charging process of the gate
terminal. Thus, depending on the control strategy, synchronous
switching and similar voltage slopes can be obtained between
the series-connected devices. However, tail current differences
or reverse recovery current differences cannot be controlled by
the gate terminal and therefore, the use of some passive
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networks are mandatory [11], [12], [16]. Although promising
results can be achieved by means of active control methods, the
complexity of the gate driver is probably their most important
drawback.

Another choice to operate at Medium/High Voltage levels is
the use of multilevel converters. In addition to the improved
output voltage quality, multilevel converters can avoid the
series connection of switching devices or at least, in case that
the series connection of semiconductors is mandatory,
minimize the problems related to the voltage balance of the
series-connected devices [1]-[3], [5]. The maximum voltage to
be supported by each semiconductor is determined by the
topology and the number of output voltage levels of the
converter.

Among the different multilevel converters, cascaded H-
bridge converters can operate at High Voltage levels connecting
in series simple converter modules. The main drawback of these
topologies resides in the isolated power supplies required by
each module to operate with active power [20]-[22].
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Fig. 1. Voltage unbalance during switching transitions between two
series-connected IGBTs [11]. (a) Switch on and switch off transitions.
(b) Voltage waveforms during the tail current period.

Flying capacitor converters enable the operation at High
Voltage levels; however, the large amount of energy stored by
the capacitors makes this topology unattractive [3], [23].

Well known 2L-VSC and 3L-NPC converters require the
series connection of IGBT/Diodes to operate at Medium/High
Voltages. The series-connected devices must support all the
DC-link voltage and operate at the switching frequency. This
makes the series connection of the switching devices a real
challenge.

http://dx.doi.org/10.1109/TIE.2017.2760843

During the last years, a new multilevel topology has appeared
for the Medium Voltage drive market, the SL-ANPC converter
[24]. This converter requires the series connection of switching
devices, however, the low switching frequency of the series-
connected devices makes less challenging the proper operation
of the series-connected devices using simple balancing circuits.

In [7], a SL-MPC converter is used in a 6.6 kV drive
application. This non-patented converter topology has a good
harmonic distortion and makes possible the transformerless
operation of the converter. The converter is experimentally
validated and its suitability for real drive applications is
demonstrated showing promising results.

In this converter, several IGBTs and diode pairs are
connected in series. However, these devices can operate as non-
series-connected devices under hard switching conditions,
while they must operate as series-connected devices during the
blocking state. In consequence, simple auxiliary circuits are
only required for their proper voltage balance during their
operation on the blocking state. This makes possible the
adoption of simple and effective solutions to guarantee the
proper operation of the series-connected devices.

This paper analyzes the SL-MPC converter and the behavior
of the series-connected devices. In addition, this paper proposes
a solution to the proper operation of the series-connected
devices and finally, the proposed method is experimentally
validated. The proposed solution can be adopted by any other
multilevel topology in which the series-connected devices need
to block twice their switched voltage such as, Stacked MultiCell
converter (SMC [25]) or T-type converter (also named as
Neutral Point Piloted, NPP, [26]).

Il. VOLTAGE REQUIREMENTS OF THE SWITCHING DEVICES
IN THE 5L-MPC

The 5L-MPC [7] topology belongs to the NPC (Neutral Point
Clamped) converter family. This converter is based on the
connection of a 3L-NPC and two half-bridges, achieving five
voltage levels per phase in the output terminals: Vpc/2, Vpc/4,
0V, -Vpc/4 and -Vpc/2. Table 1 and Fig. 2 summarize the
switching states of each semiconductor to synthetize each
output voltage level. As it can be seen, positive voltages are
generated with the upper half of the branch while negative
voltages are symmetrically generated with the lower half of the
branch. Therefore, the semiconductors operation for the
positive voltage generation can be extrapolated to the negative
voltage generation due to its symmetry.

TABLE I
SWITCHING STATES OF 5L-MPC CONVERTER

Vpn-o T, T, T T, Ts Ts T, Ts
Vpcl2 1 0 1 1 0 0 1 0
Vocl4 0 1 1 1 0 0 1 0

oV 0 1 0 1 1 0 1 0
-Vbcl4 0 1 0 0 1 1 1 0
-Vcl2 0 1 0 0 1 1 0 1

Fig. 2(a) shows the general converter configuration assuming
that the used semiconductors can block a voltage up to Vpc/4.
As it can be observed, clamp diodes (Dci and D¢») and inner
semiconductors (T4 and Ts) must be series-connected because
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Fig. 2. 5L-MPC phase current circulation (i» > 0 A: red; i» < 0 A: blue) and blocking voltages (green) distribution for different switching states.
(a) 5L-MPC phase scheme. (b) Vou = Vpc/2. (C) Vour= Voc/4. (d) Vour= 0V. (€) Vour = -Vpd/4. (f) Vour = -Vbo/2.

when the converter synthetizes an output voltage of Vpc/2
or -Vpc/2 they must block a voltage of Vpc/2, Fig. 2(b) and Fig.
2(f) respectively. However, when the converter is switching
between Vpc/4, OV and -Vpc/4, inner switches (T4 and Ts) and
clamp diodes (Dci and Dc»), operate under hard switching
conditions but they only block a voltage of Vpc/4, Fig. 2(c)-(e).
Therefore, the series connection of these semiconductors is not
necessary in these switching states.

It is important to note that during their active switching
operation, none of these series-connected devices requires
additional circuitry to achieve a proper voltage balance since
the series-connected devices are switching the half of their rated
voltage. This facilitates the adoption of simple and effective
solutions for their series connection. It can be said that the
adopted solution must, basically, achieve a proper voltage

balance between the series-connected devices during their
blocking state and, if possible, proper switching losses balance
during their operation under hard switching conditions.

[ll. PROPOSED SOLUTION FOR THE PROPER OPERATION OF
THE SERIES-CONNECTED IGBTS

The proposed solution for the proper operation of the series-
connected IGBTs is based on two ideas: the control of the
switching commands to achieve proper switching losses
balance and the use of additional circuitry to achieve proper
voltage balance during their blocking state, Fig. 3. This section
describes the solution and the design criteria followed in the
real converter [8] (6.6 kV, 1.SMW 5L-MPC with Vpc=11.2kV
and i, rms, 1,n0m = 133 A).
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A. Control of the switching commands

In order to achieve proper switching loss balance between the
series-connected IGBTs, during the switching period, one
IGBT is switched on before the other IGBT and the same IGBT
is switched off before the other IGBT, Fig. 4. This delay is
applied by the switching manager (see Fig. 3), which receives
the gate order (gr) from the modulator, no matter the used
modulation technique. With g7z, the switching manager
alternatively distributes the power losses among the two series-
connected devices (g7, g78), applying the delay.
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Fig. 3. P_roposed switching command manager and voltage balancing
circuits.
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Fig. 4. Ideal switching waveforms of the command control.

(a) Theoretical waveforms, where gr represents gate command of the
modulator and gra-grs represent the gate orders of the series-connected
IGBTs (see Fig. 3). (b) Simulation waveforms at Vpc=11.2 kV and iph,ms, 1
=133 A
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Two cases (switch on and switch off) need to be
distinguished in order to know which semiconductor dissipates
the switching power losses:

e The switch on losses of the first IGBT are zero while the
second IGBT dissipates all the turn on losses.

e During the switch off process, the first IGBT dissipates all
the switch off energy while the switch off losses of the
second IGBT are zero.

In the next switching period the delays are inversely applied
to the series-connected IGBTSs to achieve a reasonably good
switching losses balance.

B. Voltage Clamp

The voltage balancing circuit has two parts: an active voltage
clamp (Vi zclamp) and a static voltage balancer (Vi zziocr), Fig.
3. Fig. 5 shows the voltage thresholds defined by the active
clamp and the voltage balancer.

The ideal behavior during the blocking state is shown in Fig.
5. In this situation, a reasonably good voltage balance between
the series-connected IGBTs is achieved without the influence
of the external circuit, both of them below the 100 FIT collector
emitter voltage (Vce@ioor).

Ver A

== Vinz.Clamp
== Vi 7,Block

Veemr -

VCE@IOOFIT = Vpcl4 -

VCE, TA

VCE, TB

>

Fig. 5. Proposed voltage thresholds and natural collector-emitter Ve
voltage balance of series-connected IGBTs (Vcgra < Vinzsiook Vees <
Vth,Z,B/ock)-

However, due to leakage current differences one IGBT could
tend to block more voltage than the other. In this case, the static
voltage balancer (izgicr, Fig. 3) should clamp the maximum
voltage of the IGBT with lower leakage current, Fig. 6.
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Ver, s
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Fig. 6. Influence of the static voltage balancer (Vcera > Vinzsiock)-

Fig. 7 shows the voltage waveforms when the total blocking
voltage increases from Vpc/4 to Vpc/2. Initially, when the total
blocking voltage is Vpc/4, in the worst case, one IGBT is
blocking approximately Vpc/4 while the second IGBT is close
to OV. The output capacitance of the IGBT with higher Ve
collector-emitter voltage is lower than the output capacitance of
the IGBT with lower voltage. For this reason, when the
blocking voltage passes from Vpc/4 to Vpc/2 the initial voltage
slopes of the IGBTs are different, Fig. 7.
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If the collector-emitter voltage of one IGBT exceeds
Vinz Block, the static voltage balancer injects an extra current to
charge the output capacitance of the IGBT with lower voltage.
Thus the collector-emitter voltage slope of the IGBT with
higher voltage is reduced.

When the collector-emitter voltage of one IGBT exceeds the
Vinz,clamp voltage, the active clamp circuit limits the maximum
collector voltage injecting the required gate current (iz ciamp, Fig.
3). During this time interval, the influence of the current
injected by the static balancer can be neglected.

After the active clamping period, the static voltage balancer
circuit must reduce the Ve voltage from Vigz ciamp t0 Vi z Biock,
Fig. 7. The time required by the static voltage balancer circuit
to reach the Vi, 7 siock voltage (zran, Fig. 7a and Fig. 7b) depends
on the equivalent output capacitance of the IGBT and the Rgal
resistor.
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Fig. 7. Ideal IGBT switching waveforms with the voltage balance. (a)
Theoretical waveforms, (b) Simulation waveforms, with.Vpc = 11.2 kV,
Vinzgiock = 3200 V and Vin,z cramp = 3850 V.

In the case of the clamping diodes, there is no IGBT to
control the balance of the switching losses. The switching
losses balance depends on the unmatched recovery behavior of
the series-connected diodes. When the pair of diodes are
switching a total voltage of Vpc/4, there is no risk to exceed the
rated voltage of the diodes, Fig. 8.

When the blocking voltage increases up to Vpc/2, the same
active voltage clamp and voltage balancer circuits protect the
diodes from excessive overvoltages, Fig. 9.
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C. Design criteria for the proposed solution

The delay time between the switching commands must
guarantee that the first IGBT is completely in the on / off state,
before the second IGBT receives the on / off switching
command. This is the only mandatory condition. In the
presented solution, during the turn on process of the second
IGBT the dead time is applied. As the dead time is larger than
the total switch on time, only the switch off time must be
measured to define the delay time.

The active clamp should not work under nominal hard
switching conditions to avoid the increase of the switch off
losses in the IGBT. In consequence, the V¢r overvoltage must
be measured during the switch off process of the IGBT at
nominal current. Then, the threshold voltage of the active clamp
circuit (Vi zciamp) 1s set at a voltage slightly higher than the
measured Vg overvoltage.

It should be noted that the Transient Voltage Suppressor
(TVS) used for Zciamp in the the active clamp circuit has a large
dynamic resistor (rqzclamp) and therefore, the real V¢g voltage
will exceed the Vi, z clamp voltage,

VCE,max = Vth,Z,Clamp + IZ,Clamp * T4,z Clamp- (1)

In order to protect the IGBT properly, a low value of
Vinz clamp 1s required. To do this, the Vcp overvoltage must be
reduced and in consequence, a low leakeage inductance in the
bus-bar results mandatory.

The threshold voltage of the static voltage balancer circuit
(VinzBiock) 1s slightly higher than the nominal blocking voltage
(Vbc/4) of the IGBT to avoid unnecessary power losses in the
circuit.

The value of blocking circuit resistance Rpa depends on
several factors. A high value of Rgal is necessary to reduce the
power losses in the static voltage balancer during the turn off
process of the IGBT. The overvoltage in the IGBT terminals
activates the static voltage balancer and the power losses in the
circuit are strongly dependant on Rga. However, a too large
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value of Rgai increases the voltage drop caused by the current in
this resistor (4ijakqge) and in consequence, the blocking voltage
of the IGBT with lower leakage current. In addition, Rpa and
the output equivalent capacitance of the IGBT defines the time
constant of the voltage fall from Vi, z ciamp t0 Vin ziock (tran, Fig.
7a and Fig. 7b). In consequence, a trade-off must be made
between power losses, maximum blocking voltage and the time
constant.

V. EXPERIMENTAL RESULTS

The proposed solution has been experimentally validated in
a 1.5 MW back-to-back S5L-MPC converter (Vpc = 11.2 kV,
Voutitrms,1 = 6.6 KV, foupnrms,1 = 133 A, Fig. 10). As the influence
of the command delay control, the active clamp circuit and the
static voltage balancer can be only evaluated in the IGBT, this
section is focused on the IGBT behaviour in the converter. The
converter configuration and the modulation scheme for the DC-
link voltage balance have been proposed in [7]. Table II
summarizes the parameters of the experimental setup.

TABLE II
EXPERIMENTAL TEST BENCH PARAMETERS
Parameter Value
DC-link rated voltage (Vb nom) 11.2kV
Rated output voltage (Vous,i,rms,1,nom) 6.6 kV
Rated output current ({ousph,rms,1,nom) 133 A
Semiconductors switching frequency (fiw) 1 kHz
IGBTs minimum conduction time (Zou,min) 8 us
IGBTSs dead time (zpr) S s
Delay Time between series IGBTS (fseiay) 2 s
Collector-Emitter Breakdown Voltage 4500 V
(Vcemr)
DC Collector Current (I.) 150 A
Static Balancer Threshold Voltage 3200 V
(Ven,z,Block)
Static Balancer Resistor (Rza.) 2kQ (10 W)
Active Clamp Threshold Voltage 3850 V

(Vin,z,Ctamp)

SERIES
CONNECTION
BOARDS

Fig. 10. Developed phase power stack.

As described in [7], each SL-MPC phase branch is composed
of'ten 4.5 kV/150 A IGBT modules, which are indistinctly used
as IGBT-diode pairs and clamping diodes, D¢ci and Dco. The
voltage balancing circuits are connected to the series-connected
devices Dci, Dca, T3, T4, Ts and Te, Fig. 2. Considering the
output capacitance of the IGBT and the Rggq resistor, the Ve
voltage requires about 7 ps to converge to Vi, zspiock from

http://dx.doi.org/10.1109/TIE.2017.2760843

Vinz,clamp. Considering the dynamic resistance of the used TVS
devices, Vcr voltages up to 4300 V are expected in the worst
case scenario. This voltage is quite close from the breakdown
voltage of the IGBT/Diodes. However, the large leakage
inductance in the bus-bar (up to 800 nH) makes no possible the
reduction of the Vi, zcump voltage. The total power losses in
each auxiliary circuit is less than 10 W.
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Fig. 11. Experimentally measured gate-emitter voltages (Vgg), total
blocking voltage (Vce s48) and collector-emitter voltages (Vce) during a
switching losses distribution sequence, with Vpc = 8 kV and cosg = 0.
(a) Tsg assumes the switch-on losses. (b) Tsa assumes the switch-off
losses and switch-on losses consecutively. (c) Tsg assumes the switch-
off losses.

A. Control of the switching commands

Fig. 11 shows the individual switching commands, the total
switched voltage and the individual collector voltages of the
series-connected Tsa and Tsg IGBTs. Fig. 11a shows a switch
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on process in which Tsy is turned on before Tsg. As the current
cannot circulate until both of them are in the on state, Tsp
dissipates all the turn on energy.

Fig. 11b shows that Tsa is switched off before Tsg. In this
case, the circulating current is interrumpted by Tsa; thus, all the
switch off energy is disipated by this IGBT. Fig. 11b also shows
that during the next switch on process, Tsa is turned on later
than Tsp; thus Tsa dissipates now all the turn on energy. It is
important to note that the effective turn on delay between series-
connected IGBTs is larger in this case because the dead time
(tpr) is applied between the two turn on commands. Finally, Fig.
11c shows the next switch off process, in which Tsg assumes
the turn off energy losses.
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Fig. 12. Experimentally measured phase voltage (Ve».0), total blocking
voltage (Vce 1s48) and collector-emitter voltages (Vce), with static voltage
balancer circuit actuation during a blocking voltage transition from
VCE,T5(AB) = VDd4 to VCE,T5(AB) = VDdZ, with VDC =11 kV, COoSQ = 088,
Vth,Z,BIock ~ 3200 V and V[h,Z,C/amp ~ 3850 V.
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Fig. 13. Experimentally measured phase voltage (Vp.0), total blocking
voltage (Vcersms) and collector-emitter voltages (Vcg),with active
clamping circuit actuation during a blocking voltage transition from
Ve s548) = Vod/4 10 Ve t5a8) = Vioe/2, with Vipe = 11 KV, cose = 0, Vin zsiock
~ 3200 V and Vi zciamp = 3850 V.

B. Voltage clamp

Fig. 12 (cosp = 0.88) and Fig. 13 (cosp = 0) show the phase
voltage (Vpi-0) and the Vg voltages of the Tsa-Tsg IGBTs with
Voc = 11 kV (Vpc/4 = 2.75 kV). The phase voltage (Vpr-0)
changes from 0V to Vpc/4 and Vpc/2. This phase voltage is the
voltage that must be blocked by the series-connected Tsa-Tsg

http://dx.doi.org/10.1109/TIE.2017.2760843

IGBTs (VcE r54). In this transition from OV to Vpc/4 (Fig. 12),
Tsa assumes the total blocking voltage because it is turned off
before Tsg. When the total blocking voltage increases to Vpc/2
(Fig. 12 and Fig. 13) the auxiliary circuits protect Tsa limiting
its maximum Vg voltage. As expected, after the active
clamping period, its Ve voltage reaches the Vi, z piock voltage.

It can be observed that during the transient the achieved
maximum Vg voltage is considerably higher than the Vi, z ciamp
voltage due to the dynamic resistor of the TVS. As described
previously, in the worst case scenario, the maximum Vg
voltage is about 4.3 kV.

Finally, Fig. 14 shows the phase voltage during a
fundamental period of the output voltage. In addition, the total
blocking voltage of the series-connected IGBTSs is shown. The
influence of the alternating switching commands on the power
loss distribution and the influence of the auxiliary circuits can
be observed.
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Fig. 14. Experimentally measured phase voltage (Vp.0), total blocking
voltage (Vcersmag) and collector-emitter voltages (Vce), with static
voltage balancer circuit actuation during a fundamental period of the
output voltage, with Vpc =8 kV, cose = 0, Vinzsioe= 3200 V and Vi z ciamp
~ 3850 V.

V. CONCLUSION

This paper presents an easy and reliable solution for the
voltage balance problem of the series-connected IGBT/Diodes
in the SL-MPC converter.

It is important to note that during the hard switching process
these devices can operate as non-series-connected devices.
Therefore, solutions to deal with asynchronous switchings and
differences in tail and recovery currents are not necessary. This
simplifies the problem related to the series connection of
switching devices. The proposed solution can be applied to any
other multilevel topology in which the series-connected devices
need to block twice their switched voltage (SL-SMC, T-
Type...).

Basically, the proposed solution consist of the control of the
switching commands to achieve a proper switching loss balance
and the use of clamp circuits to protect the devices during the
off state.

The proposed method has been experimentally evaluated and
very promising results have been obtained. Hard switchings
have been controlled by the gate command delays and active
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clamping and static balancer circuits have properly protected
the devices.
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