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Abstract—Historically, cascaded H-bridge, capacitor-clamped,
and neutral point-clamped topologies have been used for medium-
to high-voltage applications but the modular multilevel converter
(M2LC) is becoming a popular alternative. However, in comparison
to other topologies, control of the load current, which is inherently
coupled with circulating currents, is more difficult in the M2LC
topology. This paper proposes a modified M2LC topology that al-
lows for decoupled control of circulating currents from the load
current. Each arm of the modified topology comprises a plurality
of half-bridge modules and one full-bridge module. The full-bridge
module minimizes harmonic currents within the converter without
affecting the load current. A state-space model, which is general-
ized per arm with an N number of half-bridge modules and one
full-bridge module, is presented to accurately predict the behavior
of the proposed topology. Theoretical as well as experimental re-
sults of a single-phase three-level 800-VA prototype converter are
presented with a discussion to demonstrate the viability of both the
proposed mathematical model and modified topology. A compar-
ative investigation with respect to a conventional topology reveals
that the proposed topology offers superior performance.

Index Terms—Circulating currents, decoupled control, high-
voltage direct current (HVDC), modular multilevel converter
(M2LC), voltage balancing, voltage correcting module (VCM).

I. INTRODUCTION

MODULAR multilevel converter (M2LC) topology,
which features modularity, scalability, reduced voltage

rating of the switches, and redundant switching operations, has
recently become popular in medium- to high-voltage applica-
tions [1], [3]. A number of advantages associated with these
features make M2LC suitable for a variety of applications,
such as high-voltage direct current transmission [4], [5], motor
drives [6], traction motors, [7] and static synchronous compen-
sator [8].

There are, however, disadvantages associated with the topol-
ogy, which include the need for both balancing capacitor volt-
ages and controlling circulating currents, and the increased com-
plexity of the overall control scheme [9]. Sorting algorithms,
which are based on the polarity of the arm current, have com-
monly been used to balance the capacitor voltages [1]. Circu-
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lating currents are inherent to the M2LC topology and manifest
from the variations in capacitor voltages and in combination
with the modulation scheme [2], [10]. These currents do not af-
fect the load current, but cause variations in capacitor voltages
while increasing the converter losses.

Various methods, both hardware and control based, have been
proposed to minimize circulating currents. In [11], each phase-
leg incorporates a filter that is tuned to block second harmonic of
the circulating current. In situations where the number of mod-
ules is increased without changing the number of voltage levels,
active redundancies of the modules have been used to reduce
the capacitor voltage variations and circulating currents [12].
In [13], capacitor voltages have been maintained within tight
bounds around the nominal value to control the circulating cur-
rents. Model predictive direct current control scheme has also
been adopted to control the currents [14], [15]. In contrast, cir-
culating currents have been minimized by employing cascaded
control loops, during which the modulation index of each arm
or module is modified [6], [16]–[19]. Furthermore, currents can
also be minimized by adding a common-mode voltage term to
the reference of the arm voltages [20], [21].

This paper presents a M2LC topology that employs volt-
age correcting modules (M2LC-VCMs), as shown in Fig. 1,
to minimize circulating currents while reducing the complexity
of control. In the proposed topology, one full-bridge VCM,
which has a lower voltage rating than a half-bridge module
is included in each arm of the converter to minimize circu-
lating currents [3]. The VCM can be considered as an active
filter, which minimizes harmonic currents within the converter.
The M2LC-VCM allows for decoupled control of load and cir-
culating currents, where the load current is controlled by the
half-bridge modules and the circulating current is controlled
by the full-bridge modules. A generalized state-space model
is presented to accurately characterize the dynamic behavior of
the proposed M2LC-VCM topology. Theoretical results are pre-
sented in comparison to experimental results of a single-phase
three-level 800-VA prototype M2LC converter to demonstrate
the accuracy of the model and validate the proposed decoupled
control philosophy. Results clearly indicate that the circulating
currents can significantly be reduced even when the switching
frequency is equal to the fundamental frequency of the load
current.

II. PROPOSED M2LC WITH VCMS (M2LC-VCMS)

A. Configuration

Fig. 1 shows the proposed M2LC-VCM topology. Each arm
consists of N half-bridge modules, which are represented as
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Fig. 1. Proposed topology (M2LC-VCM).

Mrn , r ∈ {a, b, c}, n ∈ {1, 2, . . . 2N}, a resistor, R, that models
conduction losses, and an arm inductor, L. The individual half-
bridge module has two switching states urn ∈ {0, 1}. State 1
corresponds to switch Srn,1 being on, connecting the capacitor
in the circuit. Generally, the M2LC is driven in a manner that
N half-bridge modules are connected in series across the dc
link and capacitor voltages, Vc,rn , are balanced around Vd c

N ,
which results in at least 2N + 1 line–line voltage levels. The
proposed M2LC-VCM has at least one VCM in each arm to
control the circulating currents. The VCM has three switching
states uvcm ,rm ∈ {−1, 0, 1},m ∈ {T,B}, which are associated
with the polarity of the VCM output voltage, VCM ,rm . Hereafter,
the half-bridge modules and full-bridge modules are termed as
power-modules and VCMs, respectively.

B. Circulating Currents

The circulating current in a phase-leg is related to arm currents
as follows:

icir,r =
irT
2

+
irB
2

= icir,r +
∞∑

h=1

ih,r . (1)

The circulating currents consist of a dc, icir,r , and harmonic,
ih,r , current components [10]. The dc component of the current
is in proportion to the power delivered or load current. For a
three-phase system, the input and output power are related as
follows:

Vdcidc = 3Vphiph cos(φ) (2)
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Fig. 2. Equivalent circuit of the M2LC-VCM.

where Vdc and idc are the dc-link voltage and current, respec-
tively. φ denotes the phase angle between the phase-voltage,
Vph , and phase-current, iph . If circuit parameters of all the three
phase-legs are symmetrical and there is a uniform power flow
between them, then the dc value of the circulating current in a
phase-leg is given by

icir,r =
idc

3
=

Vphiph cos(φ)
Vdc

. (3)

The harmonic currents are inherent to the M2LC topology
and manifest from the variations in capacitor voltages in com-
bination with the modulation scheme [10]. This relationship
between the circulating current, modulation scheme, capacitor
voltages, and VCMs can be represented mathematically, using
the equivalent circuit of the proposed topology in Fig. 2. The
power-modules are represented as a controllable voltage source,
Vrm , given as follows:

VrT =
N∑

n=1

urnVc,rn (4)

VrB =
2N∑

n=N +1

urnVc,rn . (5)

VCMs are represented as VCM ,rm in the equivalent circuit and
the mid-point of the dc-link voltage is used as the reference volt-
age. The output voltage of the converter, Vr , arm current, irm ,
and the voltages of the VCMs, VCM ,rm , and power-modules,
Vrm , can be related as follows:

Vdc

2
− VrT − VCM ,rT − Vr = RirT + L

dirT
dt

(6)

Vdc

2
− VrB − VCM ,rB + Vr = RirB + L

dirB
dt

. (7)

Adding (6) and (7), and using (1), the relationship between the
circulating currents and various voltages in a phase-leg can be
established as

2L
dicir,r

dt
+ 2Ricir,r = (Vdc − VrT − VrB)

− (VCM ,rT + VCM ,rB). (8)



692 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 2, FEBRUARY 2015

It is clear from (8) that harmonics in the circulating currents
can be controlled through the voltage that is injected by VCMs,
(VCM ,rT + VCM ,rB). Subtracting (6) from (7), the output volt-
age of the converter can be found as

Vr =
VrB − VrT

2
+

VCM ,rB − VCM ,rT
2

+
R

2
(
irB − irT

)

+
L

2

(
dirB
dt

− dirT
dt

)
. (9)

VCMs have only minor impact on the output voltage due
to two reasons. First, as described in the forthcoming section,
the magnitude of the voltage inserted by each VCM is smaller
than the voltage-step of the output voltage. Second, VCMs are
controlled in a manner that the inserted voltages are equal in
respective arms. Therefore, the voltage difference, (VCM ,rB −
VCM ,rT)/2, in (9) is almost zero.

III. MATHEMATICAL MODEL

The state-space model is derived by using an M2LC-VCM
topology with N power-modules and one VCM in an arm. State-
variables of the model, where the load is connected in star-
configuration, are the arm currents in phases a and b, dc-link
current, grid voltages in the alpha/beta coordinate system, and
capacitor voltages of the power-modules and VCMs. The state-
vector of the model is defined as

x = [iaTiaBibTibBidcVg,αVg,β Vc,a1Vc,a2 . . . Vc,c2N

Vvcm ,aTVvcm ,aB . . . Vvcm ,cB]�. (10)

The input vector is denoted as follows:

u = [ua1ua2 . . . uc2N uvcm ,aTuvcm ,aB . . . uvcm ,cB]� (11)

where urn ∈ {0, 1} is the switching state of a power-module
and uvcm ,rm ∈ {−1, 0, 1} is the switching state of a VCM.

The complete system can be expressed in the standard state-
space form as

dx

dt
= Ax + Bu + V . (12)

The definitions of the system matrices A, B, and V are given
in the Appendix.

IV. DECOUPLED CONTROL OF THE M2LC USING VCMS

The control scheme for driving the switches of power-
modules and VCMs is split into two concurrent loops, which
are labeled as loops 1 and 2 in Fig. 3. The first loop, loop 1,
controls the load current and determines a switching pattern to
balance the capacitor voltages. Control schemes, such as stair-
case modulation (SCM) and optimized pulse patterns [16], [22],
are appropriate for reducing the switching frequency for a given
load current distortion and can also be part of this loop.

The number of power-modules, which are connected in an
arm, controls the load-current, whereas selection of these mod-
ules balances the capacitor voltages. The capacitor voltages are
balanced by using a simple and commonly used method, the

Fig. 3. Block diagram of the decoupled control scheme.

Fig. 4. Control of VCMs in phase-leg a.

sorting algorithm [1]. With this algorithm, all the capacitor volt-
age measurements are sorted in either ascending or descending
order of their voltage magnitudes and the capacitors are se-
lected to be connected or bypassed. For example, for a positive
arm current, the capacitors with the lowest voltage are selected
first, and conversely, the capacitors with the highest voltage are
prioritized for a negative arm current.

The second loop, loop 2, controls the circulating currents by
controlling the VCMs. The circulating currents, as given by (1),
consist of a number of harmonics, which can be minimized by
inserting an appropriate voltage in accordance with (8). The
control scheme of the VCMs, as shown in Fig. 4 for phase-leg
a, controls the circulating currents and maintains the capacitor
voltage of each VCM at its nominal value.

In each phase-leg, the circulating current is compared with a
reference, icir,ref = id c

3 , and then proportional (P) controller is
used to generate a voltage reference of the VCM modules. This
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TABLE I
PARAMETERS OF A SINGLE-PHASE M2LC-VCM SETUP

voltage reference is equally divided and added to reference of
the top and bottom VCM in a phase-leg to minimize the effect
of VCMs on the output voltage (9).

A proportional-integral (PI) controller is used to regulate the
capacitor voltage of the VCM module at its nominal value,
Vvcm ,ref . The output of the PI controller is multiplied with a sign
function that is based on the polarity of the arm current. For a
positive arm current, the sign is positive and vice versa. Finally,
the voltage references, VCMRef ,rm , are compared against carrier
waveforms to generate pulse patterns for switches S1,rm –S4,rm .

The VCMs do not excessively increase the switching losses
even when their switching frequency is higher than the power-
modules, because of the lower voltage ratings. With the higher
switching frequency, the bandwidth of the circulating current
control loop (loop 2) can be much larger than the load current
control loop (loop 1). From the control perspective, the modi-
fied topology has two main advantages. First, a simple control
scheme can be used to control the load current or the output volt-
age. Second, the control of the circulating current is decoupled
from the load current. The load current and circulating currents
are controlled by the power-modules and VCMs, respectively.
Moreover, the output voltage or the number of the output voltage
levels of the converter is not affected as explained before.

V. RESULTS

A. M2LC-VCM Prototype

In order to verify the viability of the proposed topology,
a single-phase three-level 800-VA prototype M2LC was con-
structed. The experimental setup is shown in Fig. 5 and the cir-
cuit parameters of the system are summarized in Table I. Base
quantities for the p.u. system are Vb = 180 V, Ib =

√
2Irat = 6.15

A, and fb = 50 Hz. The control scheme was implemented on a
TMS320F28335 Digital Signal Controller (DSC). The DSC has
an on-board analog-to-digital converter (ADC), which was used
to measure the arm currents and the capacitor voltages. Altera’s
DE2 board was used to generate dead-time for the switching
signals of modules and to safely shut down the converter in the
unlikely event of a fault. IGBT, IKW20N60H3, and MOSFET,
IRFP250MPBF are used for switches in the power-modules and
VCMs, respectively. The use of MOSFETS also helps to de-
crease the effect of dead-time. Moreover, methods discussed
in [23] can also be used to compensate the effect of dead-time
in each switch.

Fig. 5. Experimental setup of the M2LC. (a) Circuit diagram. (b) Prototype
M2LC.

At startup, a resistor was connected in series with the dc-
supply to charge the capacitors and it was bypassed during
the normal operation of the converter. The diode, as shown in
Fig. 5(a), is part of the dc-supply that was used in the experi-
ments. The diode also ensures that the dc-current is unidirec-
tional and this feature is congruent with the six-pulse or 12-pulse
diode rectifiers that are commonly used in power converter ap-
plications.

B. Performance Evaluation Using PWM Switching of
Power-Modules

Three case studies were considered to experimentally evalu-
ate the performance of the proposed topology and its state-space
model. Case I evaluates the performance of the conventional
topology, which is used to benchmark the performance of the
other cases. In Case I, the VCMs as shown in Fig. 5(a) were
bypassed during the experiments. Case II evaluates the per-
formance of the proposed topology. The mathematical model,
as presented in Section III, was modified to characterize the



694 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 2, FEBRUARY 2015

0 20 40 60 80 100
−6.16

−3.08

0

3.08

6.16

C
ur

re
nt

 (
A

)

Time (ms)
0 20 40 60 80 100

Time (ms)
0 20 40 60 80 100

Time (ms)
(c)(b)(a)

Fig. 6. Arm currents in phase-leg a using PWM. (a) Case I. (b) Case II. (c) Case III.

behavior of the single-phase M2LC-VCM, as shown in Fig. 5(a).
Case III was formed to investigate the viability of the modified
model.

In all cases, pulse patterns of the power-modules were com-
puted offline by comparing a sinusoidal reference with car-
rier waveforms in phase-disposition. The resulting pulse-width
modulation (PWM) based patterns were stored in a look up table
and used for controlling power-modules. With all the cases, the
system was operated at its rated conditions as given in Table I.
The sorting algorithm, as explained in the previous section,
was used in all the cases to balance the capacitor voltages. The
switching frequency of the power-modules in these three cases
was approximately 380 Hz. The control scheme, as described
in Section IV, was used to control the VCMs, and switching
frequency of the VCMs was 2 kHz.

Fig. 6 shows the waveforms of the arm currents in phase-leg
a. In Case I, the second harmonic of the arm current prevails
because of a lack of circulating current control. The VCMs
reduce the second harmonic of the arm current with the proposed
topology, i.e., Cases II and III. Relative to Case I, the rms arm
current is reduced by 3% in Cases II and III. Both analytical
(Case III) and experimental (Case II) waveforms are similar and
confirm the validity of the mathematical model.

Fig. 7 shows the waveforms of the dc-link current to demon-
strate that the ripple in the dc-link current or the harmonic
circulating currents are significantly reduced with the proposed
topology. In comparison to Case I, the magnitude of the cur-
rent ripple is reduced by 65% and 82.5% in Cases II and III,
respectively. It is evident that the VCMs minimize the harmonic
circulating currents within the converter.

Fig. 8 shows that capacitor voltages of the power-modules
are balanced around their nominal value. The average of the
capacitor voltages, which is slightly lower than Vdc/2 = 140 V
is due to the voltage drop across the various resistors within
the converter. Nonetheless, the waveforms in these cases show
a similar trend.

Capacitor voltages of the VCMs, as shown in Fig. 9, are
balanced around an average value of 6 V, which is about 5%
of the voltage across the power-modules. Both analytical and
experimental waveforms are similar.

Overall, experimental and analytical results are in good agree-
ment both in values and trend, thus validating the accuracy of

the model. The small discrepancy in the waveforms is due to a
number of factors, such as the model does not consider delays
associated with the ADCs and filters. Moreover, the resistive
elements that were considered in the model, as constant losses,
were all estimated values and also add to the slight discrepancy
in the waveforms.

C. Performance Evaluation Using SCM Switching of
Power-Modules

The SCM method was used to evaluate the performance of the
converter at a lower switching frequency of the power-modules.
With this method, the pulse patterns that eliminate the fifth
harmonic of the output voltage waveform were generated as de-
scribed in [23] and used to control power-modules. The experi-
ments were conducted using circuit parameters listed in Table I.
In addition, the dc-link voltage, Vdc , was reduced to 268 V so
that the converter delivers the rated load current with the given
patterns. The sorting algorithm was used to balance the capaci-
tor voltages and the control scheme, as described in Section IV,
was used to control the VCMs. The switching frequency of the
power-modules and VCMs was 50 Hz and 2 kHz, respectively.

Experimental waveforms of the arm and dc-link currents us-
ing SCM are shown in Figs. 10 and 11, respectively. The rms
arm current reduces by 2% relative to the conventional topol-
ogy. In comparison to the conventional topology, the magni-
tude of the dc-link current, as shown in Fig. 11, is reduced by
58%. These results clearly demonstrate that the circulating cur-
rents can be reduced even at a lower switching frequency of
power-modules.

It can be seen from Figs. 8 and 12 that the reduced switching
frequency of the power-modules, however, increases the voltage
variations of the capacitor voltages.

VI. IMPROVEMENT IN PERFORMANCE—ALTERING

PARAMETERS

The state-space model, which is proven to accurately describe
the behavior of the converter, is further used to evaluate the per-
formance of a grid-connected three-phase M2LC-VCM. Each
arm of the three-phase converter comprises four power-modules
and one VCM. The circulating currents or voltage-discrepancy
in a phase-leg is a function of circuit parameters [10]. Therefore,
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Fig. 8. Capacitor voltages of power-modules in phase-leg a using PWM. (a) Case I. (b) Case II. (c) Case III.
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the parameters, which result in an increased voltage discrep-
ancy, were selected to investigate the performance of the pro-
posed topology. The parameters of the system are summarized
in Table II using Vb =

√
2/3Vll = 2449.49 V, Ib =

√
2Irat

= 516.19 A, and fb = 50 Hz as base quantities for the p.u.
system.

A vector control (VC) scheme with PWM, where carrier
waveforms at 750 Hz were in phase disposition, was used to
control the rated load current at unity power factor. The capaci-
tor voltages were balanced by using the aforementioned sorting
algorithm. The VCMs were controlled using the scheme which
is described in Section IV and switching frequency of the VCMs
was 600 Hz. In addition, the average voltage of the VCM capac-
itors was 3.85% of the dc-link voltage. In the following discus-
sion, the performance of the M2LC-VCM is compared against

Fig. 10. Arm currents in phase-leg a using SCM. (a) Conventional. (b)
Proposed.

TABLE II
PARAMETERS OF A THREE-PHASE M2LC-VCM SETUP

the conventional M2LC topology that was also controlled using
the VC scheme.

Fig. 13 shows the waveforms of the arm currents in phase
a and the dc-link current with the conventional and proposed
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Fig. 11. DC-link current using SCM. (a) Conventional. (b) Proposed.

Fig. 12. Capacitor voltages of power-modules in phase-leg a using SCM. (a)
Conventional. (b) Proposed.
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Fig. 13. DC-link current (solid line) and arm currents in phase-leg a (dashed
and dotted lines). (a) Conventional. (b) Proposed.

topology. The rms arm current reduces by more than 16% rela-
tive to the conventional topology. The average dc-link current is
unaffected in both the cases, however, the ripple of the dc-link
current is slightly reduced with the proposed topology.

The arm current spectrum is shown in Fig. 14. As expected,
the second harmonic of the arm and, thus the circulating current,
is significantly reduced with the proposed topology. As can be
seen from Fig. 14, the fundamental and dc components of the
arm current are not changed which means that the VCMs do not
affect the load or the dc-link current. The control scheme, as
presented in Section IV, uses a proportional regulator for con-
trolling the circulating currents. It is evident from Fig. 14 that
the proportional regulator is unable to suppress all the harmonic
currents. However, this inherent limitation of the proportional
regulator can be overcome by using proportional-resonant reg-
ulator or by the PI scheme as described in [3].
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Fig. 14. Arm current spectrum. (a) Conventional. (b) Proposed.

Fig. 15. Power-module capacitor voltages in phase-leg a. (a) Conventional.
(b) Proposed.

Fig. 15 shows the waveforms of the capacitor voltages that
are balanced around their nominal value. With the proposed
topology, the variation in the capacitor voltages is approximately
9% of the average value, which is one-half of the variation with
the conventional topology.

In general, the rms arm current is a function of the load
current and circuit parameters [10]. With the choice of circuit
parameters, the ratio of the rms arm current and load current
with the three-phase setup is greater than the single-phase setup.
VCMs of the three-phase setup, therefore, allow for further
improvements in the performance. Moreover, the results also
show that the improvement in the performance of the three-phase
M2LC-VCM is greater than the single-phase M2LC-VCM.

VII. DISCUSSION

The circulating currents, which are driven by a small volt-
age difference in a phase-leg, can be reduced by increasing
the size of passive components such as arm inductance, resis-
tance, or capacitance of the power-module [10]. Increasing the
arm resistance, however, will reduce the efficiency of the con-
verter. Increasing the capacitance, where the voltage rating of
the capacitor is equal to the step size of the output voltage,
could increase the monetary cost and footprint of the converter.
Similarly, inductors, which are designed to operate in the low-
frequency range, are bulky and increase the footprint of the
converter. As presented in this paper, the circulating currents
can also be reduced by the VCMs in a phase-leg. The VCM is
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an active filter and, unlike the passive components, can adapt
rapidly to the varying operating conditions of the converter.

Dimensioning of the VCM modules can be performed after
selecting the capacitance of the power-modules and the arm
inductance, where the latter can be selected using the guidelines,
such as [24] and [25]. The voltage rating of the VCM switches
is equal to the average voltage of the VCM capacitors and the
voltage is primarily governed by the voltage discrepancy in a
phase-leg (8). This discrepancy or the average voltage, which is
a function of the circuit parameters, can be determined using the
state-space model. Consequently, circulating currents can only
be suppressed if the average voltage of the VCM capacitor is
sufficient to minimize the voltage discrepancy.

Because the arm current flows through the VCM switches,
the current rating of the VCM switches is the same as that of
the power-modules. Moreover, variation in the VCM capacitor
voltages is a function of the VCM capacitance and arm currents.
The capacitance, which yields an appropriate voltage variation,
can also be determined using the model.

The switching frequency of the VCM depends on the fre-
quency of the harmonic currents to be minimized. Typically,
frequencies of the most dominant harmonics are 100 Hz (sec-
ond harmonic) and 200 Hz (fourth harmonic). Therefore, the
switching frequency for which VCMs yield an appropriate per-
formance can also be selected using the model. At present, no
effort has been made to optimize the performance of the con-
verter and the chosen frequency of 2 kHz is not an optimal
selection.

VIII. CONCLUSION

A modular multilevel converter with voltage correcting mod-
ules, M2LC-VCM, has been proposed to decouple and simplify
the control of the load and circulating currents. The circulating
currents are controlled by a full-bridge module which is included
in each arm of the converter. A mathematical model has been
formulated and used for investigating the performance of the
proposed topology. Validity of the proposed concept has been
verified both analytically and experimentally using a single-
phase three-level 800-VA prototype M2LC-VCM. The exper-
imental results have shown that the M2LC-VCM achieves an
appropriate control of the circulating currents even at a lower
switching frequency of the half-bridge modules.

APPENDIX

The matrices and vectors of the state-space model (12) are
given as follows:

A =
⎡

⎢⎣
T 1 07×6N 07×6

06N ×7 I6N 06N ×6

06×7 06×6N I6

⎤

⎥⎦

−1 ⎡

⎢⎣
F 1 07×6N 07×6

06N ×7 F 2 06N ×6

06×7 06×6N F 3

⎤

⎥⎦ (13)

B =

⎡

⎢⎣
T 1 07×6N 07×6

06N ×7 I6N 06N ×6

06×7 06×6N I6

⎤

⎥⎦

−1 ⎡

⎢⎣
G1 (x) G2 (x)

G3 (x) 06N ×6

06×6N G4 (x)

⎤

⎥⎦ (14)

V =

⎡

⎢⎣
T 1 07×6N 07×6

06N ×7 I6N 06N ×6

06×7 06×6N I6

⎤

⎥⎦

−1

[VdcVdcVdc06N +10 ]� (15)

where 0p×q is a p × q zero matrix, and I6N and IN are 6N ×
6N and N × N identity matrices, respectively

T 1 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

L L 0 0 0 0 0
0 0 L L 0 0 0
−L −L −L −L 2L 0 0
−Ll L + Ll Ll −L − Ll 0 0 0
2Ll −2L − 2Ll Ll −L − Ll L 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(16)

F 1 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−R −R 0 0 0 0 0
0 0 −R −R 0 0 0
R R R R −2R 0 0

Rl −R − Rl −Rl R + Rl 0 3
2

−
√

3
2

−2Rl 2(R + Rl) −Rl R + Rl −R −3
2

−
√

3
2

0 0 0 0 0 0 −ω

0 0 0 0 0 ω 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(17)

F 2 = − 1
CRcap

I6N (18)

F 3 = − 1
CvcmRc

I6 (19)

G1 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

V aT V aB 0N 0N 0N 0N

0N 0N V bT V bB 0N 0N

0N 0N 0N 0N V cT V cB

0N V aB 0N −V bB 0N 0N

0N −V aB 0N 0N 0N V cB

0N 0N 0N 0N 0N 0N

0N 0N 0N 0N 0N 0N

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(20)

with

V rT = [−Vc,r1 − Vc,r2 . . . − Vc,rN ] (21)

V rB = [−Vc,r(N +1) − Vc,r(N +2) . . . − Vc,r2N ] (22)

G2 =
⎡

⎢⎢⎢⎢⎢⎢⎢⎣

Vvcm ,aT Vvcm ,aB 0 0 0 0
0 0 Vvcm ,bT Vvcm ,bB 0 0
0 0 0 0 Vvcm ,cT Vvcm ,cB
0 Vvcm ,aB 0 −Vvcm ,bB 0 0
0 −Vvcm ,aB 0 0 0 Vvcm ,cB
0 0 0 0 0 0
0 0 0 0 0 0

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

(23)
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G3 =
1
C

diag(iaTIN , iaBIN , ibTIN , ibBIN , icTIN , icBIN )

(24)

G4 =
1

Cvcm
diag(iaT , iaB , ibT , ibB , icT , icB) (25)

and 0y is a zero vector of length y. The parameters used in the
above equations are the inductance and resistance of both the
load and arm, Ll , L, Rl , and R, respectively. Moreover, diag(. . .)
is a square diagonal matrix with entries inside the brackets at its
main diagonal [�].
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