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Abstract—Modular Multilevel Converter (MMC) has
been an attractive option for power transmission and has
been studied and used for HVDC applications. However,
it still has limitations when the number of Sub-Modules
per arm is large. To avoid the limitations and exploit the
advantages, a method is proposed in this paper which
integrates an MMC with series-connected IGBTs in each
Sub-Module (SM). The proposed MMC is able to withstand
a higher voltage with devices of lower voltage ratings. The
series-connected IGBTs are self-balancing. Simulink and
real-time simulations both show that, with the proposed
method, series IGBTs are able to share a much higher
MMC sub-module voltage and recover from voltage im-
balances in a timely manner. The proposed series IGBT
balancing method causes considerably less loss compared
to RCD snubber circuit-based balancing methods.

I. INTRODUCTION

With the development in Flexible AC Transmission,
High-Voltage DC Transmission as well as high-power
semiconductor devices, the penetration of power elec-
tronics technologies is ever increasing. To accommodate
high voltage applications, there are generally two so-
lutions. The first one is to connect numerous IGBTs in
series. To realize this, press-pack IGBTs were introduced
in the 1990s and it has been shown that it is possible to
use series-connected IGBTSs to transmit HVDC up to 320
KV [1]. Investigations into the use of series-connected
IGBTs suggest that the method requires the IGBTs to
have matched parameters, precise synchronizations and a
similar working environment, etc., otherwise unbalanced
switching behavior will occur [2]. Various solutions to
above issues have been proposed. One common approach
is by adding an RCD snubber circuit in parallel with each
IGBT [3]-[5]. However, one drawback is the high energy
loss caused by the added resistance. For HVDC appli-
cations, where the loss will increase quadratically with
voltage, it may become impractical. Another approach is
to use active gate control which is able to balance both
dynamic and steady-state voltages [6], [7]. However, the
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Table 1. Circuit Parameters

Parameter Value Parameter Value
Vi 16 kV Csm 50 mF
L,/L, 1 mH Clonunt 2 uF
Rioad 60 Ohm Vesm 4 kV
Lload 50 mH VVcshunt 1 kV
Fer 1 kHz Mod.Method | N+1 PSPWM
Rstray 0.1 Ohm Lstray 1 uH

active gate control method requires digital controllers
making it complicated and expensive to implement.

The second solution is to use multilevel converters
[8], [9]. For HVDC applications, Modular Multilevel
Converters (MMCs) have become a very popular choice
among others [10], [11]. An MMC can be built in vari-
ous topologies depending on the usage. Researches and
studies have been done on different aspects of MMCs
including topology improvement [12], voltage balancing
control [13], [14], circulating current suppression [15],
[16], and the concept of using MMCs as non-sinusoidal
current sources for nuclear fusion power [17]. Despite
its well-recognized scalability, it is not practical for an
MMC to reach any voltage level. To use MMCs on
HVDC, there has to be a large number of Sub-Modules
per arm and the control of such MMCs will become
complex, and thus impractical.

In this paper, a method that combines the use of
MMC with series-connected IGBTs to take advantage
of both solutions is proposed. The proposed MMC is
able to support an output voltage many times the rating
of a single IGBT within each Sub-Module. At the same
time, it will have the advantages of a regular MMC,
such as ease of control, scalability and high reliability.
The control of the series IGBTs is based on the control
algorithm proposed in [18], where they are controlled
in a self-balancing manner without any complex active
gate control or resistors which will cause high energy
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loss. The paper aims at investigating the control and
applications of such MMC topology.

II. CIRCUIT TOPOLOGY AND CONTROLLER DESIGN

The proposed Modular Multilevel Converter consists
of a single-phase half-bridge converter with centralized
DC voltage sources. Each arm has four Sub-Modules
(SMs). The schematic diagram is shown in Fig. 1 and
its parameters are given in Table L

A. Modular Multilevel Converter Topology

In Table. I and Fig. 1, C,, is the larger capacitor in
each Sub-Module while Cgpyp is the smaller capacitor
connected in shunt with each IGBT on the series string.
The purpose of Cj,, is to provide a stable voltage for
each SM and power to the load when discharging. The
purpose of Cpynt is to balance the voltages from S ; to
S4,1 so that the IGBTs can share the 4000 V open circuit
voltage. L,/ L,, are the arm inductances used to suppress
high frequency components in the arm currents. The
proposed MMC uses N+1 Phase-Shifted Pulse Width
Modulation (N+1 PS-PWM) because it produces mostly
second order circulating currents and less high-frequency
components compared to 2N+1 PSPWM.

B. Sub-Modular Circuit Topology

On sub-modular level, the proposed MMC functions
similarly to a regular MMC. But instead of having one
IGBT per switch, it has a string of IGBTs. See Fig. 1
for detailed SM configuration and string configurations.
Additional control must be added to ensure the sharing
of the SM capacitor voltage, V., since there are four
series IGBTs on each string. The detailed control method
is given in the Controller Design section. The stray
resistance and inductance intrinsically exist on the wires
and they can help limit transient current spikes, reducing
the size and rating of the shunt capacitors.

C. Sub-modular Voltage Balancing Controller Design

The controller diagram is shown in Fig. 2. The outer
current loop is used to determine controller action, ie.,
the number of SMs to turn on or off the next cycle. Once
the decision is made, the signal is fed to the Voltage
Balancing Control (VBC) to determine which SMs will
turn on or off based on the feedback Cj,, voltages and
arm currents.

Unlike regular MMCs, the modulations take place
inside each Sub-Module. Once a SM receives the signals
from the Voltage Balancing Control, the third loop will
be initiated, the V_p.¢ Balancing Control Loop. Fig. 3
provides an illustration on the V¢4, balancing process.
The feedback capacitor voltages Vioshunt1 and Vespunto
are used to bias the triangular carrier signal assigned to
the sub-module to generate a new dedicated carrier for
each IGBT in series. The new carriers are then compared
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Figure 1. The topology of the MMC combined with series IGBTs.
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Figure 2. The overall controller diagram.

with a shared reference to generate gate signals. Since
Veshunt1 18 higher than Vigpyneo, the switch Sp; will
stay on longer than Ss; as depicted in Fig. 3. This will
ensure that Cgp,ne1 gets inserted to the circuit shorter
than Cypynez. In other words, Cipyne1 Will get charged
less and discharged more than Cgpypnio. Therefore, the
two capacitors will eventually have the same voltages.
By adjusting k; and ko, one can control the voltage
balancing speed. An example of this mechanism in
operation is given in Fig. 4. V spune1 is lower than
Veshunt2- As a result, the controller creates delays which
ensure that Cgpyne1 gets charged more and discharged
less than Cgpynio. In this way, Viespuner will rise while
Veshunt2 falls and eventually they will converge. It can
also be seen in Fig. 4 that as the voltage difference
diminishes, so does the delay and when the voltages
become equal, the delay will become zero. The control
method can be expanded to more than two series IGBTs.
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Figure 3. Illustration of the delay generation process.

T T T T T T T
31010 F f/\/w f‘\/¥ !
21000 b
£ 99%r
>° 980 F —V cshuntt
970 E T T ! | | | | | 7sthunll
14 18 2.2 2.6 3.0

=3
oS U1 =
T
1%
1§}
-

&
—n

.
4 1.8 22 2.6 3.0
Time (ms)

Figure 4. V.snunt and gate signals relationship.

D. Circulating Current Suppression Controller Design

Since the proposed circuit is an MMC on the system
level, it requires a circulating current suppression con-
troller (CCSC). Studies have shown that the arm currents
in an MMC contains mainly three components: DC com-
ponent, AC component, and circulating current which
is dominantly 2nd order harmonics. [19]. Circulating
current will increase loss as well as cause devices to
have higher voltage and current ratings.

In this paper, circulating current suppression is
achieved by using non-ideal Proportional Resonant (PR)
controllers [20]. The transfer function of one non-ideal
PR controller is given in Eq. 1:

2k, wes

Gor(s) = by 4 ——mres
pr(s) pt 82+ 2wes + wi

ey
where k, and k, are proportional gain and resonant gain,
w, is the cutoff frequency; wy is the resonant frequency.

With a non-ideal PR controller, one can extract har-
monics of a certain frequency determined by wy and use
it to generate adjustments to the reference signals for
each arm. Multiple PR controllers can be used in parallel
to eliminate higher order components in circulating
current. Given that the fundamental frequency is 60 Hz,
three non-ideal PR controllers are used for harmonics of
120 Hz, 240 Hz and 360 Hz respectively. The schematic
of CCSC is shown in Fig. 5.
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Figure 5. The schematic of the circulating current suppression controller
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Figure 6. Circulating current and arm current waveforms before and after
CCSC is enabled.

The output of the CCSC, V,.cf 445, is sent to adjust the
reference signals to eliminate circulating current based
on the following equations.

(2a)
(2b)

V}),Tef - Vdc -
Vn,ref = ‘/;'efO - Vref,adj

V’refO - V;ef,adj

where V), roy and V;, ..y are the adjusted references for
the upper and lower arms, respectively; V,.po is the
output of the PI controller, or the unadjusted reference.

Fig. 6 shows the circulating current and arm currents
before and after the CCSC is enabled. From the figure, it
can be seen that the circulating current is reduced and the
resulting arm currents mostly contain two components:
the DC component and the AC component.

E. Device Ratings and Counts

In this paper, main devices are defined as S; 1, and
D; ;. Auxiliary devices refer to S; 2, Djo and Cspynt;j
( = 1...4). After the main string turns off, due to the
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Figure 7. Main, auxiliary and arm current waveforms.
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Figure 8. Equivalent circuit of a main branch during turn-off.

stray elements, the current will remain near the steady-
state level. Therefore, it must flow through the shunt
branch and charge Csp . as shown in Fig. 7. As a result,
the main devices should have the same current rating
as one regular MMC switch but one Nth the voltage
rating. Auxiliary devices, on the other hand, only need
to withstand a surge current equal to the arm current and
thus are even lower in ratings. The low current rating
auxiliary devices cause less energy loss compared to
shunt resistors in RCD snubber circuits.

Fig. 8 shows the equivalent circuit of a main branch
during turn-off. Vg, represents the sub-module capac-
itor voltage which can be seen as constant because
the turn-off process is much shorter compared to Cl,,
time constant. Lgtqy and Rgirqy are the total stray
elements inside a sub-module. Cjj,q,,: i the total shunt
capacitance of a series branch. From Fig. 8, one can see
that the turn-off process is equivalent to charging Cpqyny
through the RLC branch with I.(t) whose initial value
is the arm current before turn-off.

Given the above definitions, to evaluate the voltage
ratings of Cipynt and switching devices, the worst case
must be considered where the charging current is at the
highest while the shunt capacitance is at the lowest.
The highest charging current /. appears when the main
branch switches off at the peak of upper arm current.
Upper arm current can be calculated with the following
equation:

Vdc * ia’r‘m (t) - vload(t) * iload(t) (3)

Rearranging the above equation, one can get the
expression for 44, (t) as shown below.

— i [ VWLITYL
View 2
m

iarm(t> 008(9)

cos(2wt + )] 4)

where V,,,, I,,, w and 6 are load voltage amplitude,
load current amplitude, fundamental angular frequency
and load voltage-current phase angle. The first and
second terms correspond to the DC and AC components,
respectively. Therefore, the highest arm current occurs
at the peak of the AC component. On the other hand,
the lowest shunt capacitance appears when Vg, ¢ are

V_Spike (V)
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Figure 9. The relationship between v, spike and Cgpynt

shunt

balanced, ie., when all Cyp,.,¢ get inserted at the same
time.

Given the conditions, one can write the following
equations:

d?v, dv,
esm = LgCl sUs— c
v, CoF+ RO 4. ()
0(0) = 0 (5b)
dv,
E |t:0 = Iarm,peak (SC)

where L,, Ry and C; are short for Lgray, Rstray and
Cshunt, Ve 18 the voltage rise across Cigpypnt caused by
I.. Solving Eq. 5, one can get the expression for v,
in terms of Cs. Fig. 9 shows the relationship between
v. and Cj. It can be concluded that lower Cjjqpn: can
reduce the size and cost but increase the voltage stress
on switching devices, or vice versa.

To reduce device voltage ratings by a factor of N,
2N main devices and 2N auxiliary devices are needed
per SM. The proposed voltage balancing controller does
not require local digital processing: opamp-based analog
circuits will suffice, which is an advantage compared to
active gate control and its related methods.

III. SIMULATION RESULTS AND ANALYSIS

A. Matlab/Simulink Simulation Results

The Matlab/Simulink simulation results of the MMC’s
load supplying and reference tracking abilities are
demonstrated in Fig. 10. As can be seen from the
figure, the MMC is able to track the 60 Hz sinusoidal
reference closely with an amplitude of 100 A. The
output voltage is 4000 V per level as determined by the
modulation method. Fig. 11 demonstrates the effect of
the shunt capacitor voltage balancing controllers. The
initial voltages of each series IGBT differ from each
other. At the beginning of the simulation, the controllers
turn on and one can see that the voltages are regulated
in around 0.01 s. Also, during the transient period, no
high voltage spikes appear even though there are delays
in the gate signals, indicating that the devices are safe
during that dynamic period.
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Figure 10. MMC output waveforms from Simulink simulation.
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B. Real-time Simulation Results

To further verify the circuit operation, real-time sim-
ulations were conducted on an OP4510 platform. The
simulations run at 50 ps calculation step intervals as
pre-determined by the platform. During the real-time
simulation, the V_gpun: imbalances are kept until 0.5
second into the oscilloscope image capture. The real-
time simulation results are shown in Fig. 12 and 13,
captured with a Tektronix DPO4045B oscilloscope. It
can be seen that the MMC is able to output clean
multilevel voltages and sinusoidal current and the voltage
balancing among V_spunts recovered in a timely manner.

Fig. 14 demonstrates the real-time simulation results
of the circulating current suppression controller. After it
is enabled, the CCSC is able to suppress the circulating
current and there are mainly DC and AC components in
the arm currents.
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Figure 12. MMC output waveforms in real-time simulation.
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C. Loss Comparison with RCD Snubber Circuit Method

To evaluate the power loss of the auxiliary branch,
commercial IGBT/diode FGA25S125P from Fairchild
is chosen as the auxiliary switches. FGA25S125P is
rated at 1250 V, 25 A and capable of handling 75 A
pulse currents. By consulting the datasheet, it can be
determined that the energy loss of one switch is around
3 mJ per cycle.

As mentioned in the Introduction, one way to balance
the voltages among series IGBTs is through the use of
RCD snubber circuits. Fig. 15 provides the schematic
of one IGBT with RCD snubber circuit. The main
advantages of the RCD method are its simplicity, low
cost and fast response. However, due to the use of
resistors, the RCD method is prone to higher losses.

Reference [3] provides the equations to calculate R,
Cs and Ry. Using the equations, the RCD circuit pa-
rameters for the same series IGBTs can be determined:
Cs=1uF, R, =180 Q, Ry, = 65 k€). The energy loss

Rs

D
SJ K} CST Rb

Figure 15. One IGBT with RCD snubber circuit.
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over R, alone can be determined:

prb = Viggr/Re = (1000 V)?/65000 Q = 15.4 W
(6)
where Vigpr is the desired voltage of one IGBT/diode
in the series group. Note that this power loss only
occurs when the main IGBT is off, which is half of the
switching cycle on average. Therefore, the energy loss
on Ry per cycle can be calculated with Eq. 7:

By = proxToffavg =154 Wx0.5ms =7.7mJ (7)

Ry, alone has over twice the energy loss of an auxiliary
switch. On the other hand, R,-C, branch functions
similarly to the proposed S2,j-Cspunt,; circuit, both
causing less power loss compared to R;,. Therefore,
the proposed circuit topology has a lower energy loss
compared to RCD snubber method.

IV. CONCLUSIONS

An MMC combined with sub-modular series IGBTs
is proposed in this paper. The MMC is able to withstand
a much higher voltage with devices rated at a fraction
of that voltage rating. The MMC is also equipped
with a non-ideal Proportional Resonant controller-based
circulating current suppression controller that eliminates
the unwanted components from arm currents. To control
the series IGBT strings, a control method is implemented
which relies on creating time delays to the IGBTs’ turn-
on/off signals to maintain voltage balance. Simulation
results show that the proposed MMC is able to supply
a load, and the self-balancing control is able to regulate
imbalance shunt capacitor voltages in a short time. An
auxiliary device selection guide is also included showing
the trade-off between lower device ratings and lower
voltage spikes. Finally, a loss comparison is also pre-
sented demonstrating that the proposed circuit consumes
less energy compared with the RCD snubber circuit.
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