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Abstract

An improved circulating current suppression control method is proposed in this paper. In the proposed controller, an outer loop
of the average capacitor voltage control model is used to balance the sub-module capacitor voltage. Meanwhile, an individual
voltage balance controller and an arm voltage balance controller are also used. The DC and harmonic components of the
circulating current are separated using a low pass filter. Therefore, a multiple quasi-proportional-resonant (multi-quasi-PR)
controller is introduced in the inner loop to eliminate the circulating harmonic current, which mainly contains second-order
harmonic but also contains other high-order harmonics. In addition, the parameters of the multi-quasi-PR controller are designed
in the discrete domain and an analysis of the stability characteristic is given in this paper. In addition, a simulation model of a
three-phase MMC system is built in order to confirm the correctness and superiority of the proposed controller. Finally,
experiment results are presented and compared. These results illustrate that the improved control method has good performance
in suppressing circulating harmonic current and in balancing the capacitor voltage.

Key words: Capacitor voltage balance, Circulating harmonic current suppression, Discrete domain modeling, Modular multilevel
converter (MMC), Multiple quasi-proportional-resonant controller

I. INTRODUCTION

The modular multilevel converter (MMC) is a well-known
multilevel topology [1], [2]. It was first introduced in 2001 by
R. Marquardt [3]. With the merits of a modular design, low
switching frequency, superior harmonic performance, etc.
[4]-[6], this topology has been gradually becoming more
attractive for the industrial and academic fields, and it has
shown more advantages when compared with other converters
in a number of areas [7]. By adjusting the number of sub-
modules (SMs), a MMC can flexibly adapt to the application
of different output voltages or power levels [8-9]. Through
continuous development, the MMC has gradually replaced
other topologies in medium and high power fields, particularly
in high-voltage direct current (HVDC) transmission systems
[10]-[13].
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In general, the MMC requires a capacitor voltage
balancing algorithm [14], [15]. By sorting the SM capacitor
voltages and judging the direction of the arm current, [16]
and [17] proposed improved selection algorithms to
determine the injection or removal of each SM. This method
balances the capacitor voltage, and reduces the switching
frequency when the number of SMs is large. However, it
cannot greatly reduce the switching frequency when the
number of SMs is small. The authors of [18] reduced the
circulating current through increasing the arm inductance.
However, this worsens the system performance by slowing
down the frequency response and causing a large voltage
drop. The authors of [19] used a double line-frequency,
negative-sequence rotational frame to suppress second-order
circulating harmonic current by analyzing the harmonic
components in the circulating current. However, this method
is not feasible when the system is multi-phase. Note that the
dominant harmonic component in the circulating current is
the double line-frequency. The authors of [20] adopted a
notch filter to extract the second-order harmonic. Then they
eliminated it by introducing a quasi-proportional-resonant
(quasi-PR) controller. However, the calculation burden is
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heavy. By regulating the total capacitor energy and the
unbalance energy between the upper and the lower arms
within the same leg, the authors of [21] proposed a method to
suppress the circulating current by compensating the voltage
between the DC-link and every phase. However, this method
needs precise information on the angle of the arm equivalent
impendence, which slightly affects the performance in
practical engineering applications. The authors of [22]
presented a multi-resonant strategy to suppress different order
circulating harmonic current. However, the proposed strategy
decreases the stability margin of the system. In reference [23],
a model of the average capacitor voltage control was
proposed, which consists of two loops. The outer loop is used
for balancing the SM capacitor voltage. The inner loop makes
the detected circulating current track the reference provided
by the output of the outer loop. This control model is widely
used because it suppresses the circulating current and
balances the SM capacitor voltage. However, the PI controller
used in the inner loop makes it hard to track the reference
circulating current without a steady-state error. The authors
of [24] replaced the quasi-proportional-resonant controller
(PR) of the double line-frequency with a PI controller, where
the other high-order frequency harmonics cannot be eliminated.

Based on the model proposed in references [23] and [24],
this paper proposes an improved method to suppress
circulating current harmonics. First, a mathematical model of
a MMC is built. Then the relationship between the average
voltages of the SM capacitors and the circulating current is
analyzed to indicate that the circulating current contains two
parts: the dc component and the harmonics component.
Afterwards, by extracting the dc component of the circulating
current reference, the harmonics in the circulating current are
eliminated by multiple quasi-PR controllers with different
resonant frequencies. In addition, in order to better balance
the capacitor voltage, an individual voltage balance controller
and an arm voltage balance controller are applied in the
system. In addition, both the related parameter design
methods in the discrete domain and a stability analysis of a
multi-quasi-PR controller are given in detail in this paper.
Finally, simulation and experimental results are presented to
confirm the feasibility and good performance of the proposed
control methods.

II. MATHEMATICAL MODEL OF A MMC

The circuit of a MMC is shown in Fig. 1, where it has six
arms. Each of these arms is constituted by one arm inductor
Lo and N sub-modules (SMs), which are series-connected.
The equivalent resistance of each arm is defined as Ro. ux
and um (k=a, b, c, and the upper and lower arms are marked
as p and n, respectively) are the arm voltages generated by N
series-connected SMs. ik and ik are the arm currents of phase
k and iugp is the circulating current that flows among the three
phases.
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Fig. 1. Diagram of a MMC.

The circulating current can be calculated by the upper arm
current and the lower arm current, and is expressed as [25]:
. ikp + ikn
The mathematical model of a MMC can be summarized as
the following equations:

1 1 di .
uy, :E(ukn_ukp)—E(LonfRolk) 2

diy; )
2(Ly d—fk + Rolgygn ) = U go = (g +uy) (3)

Define e as the inner EMF (electromotive force). Then:

ukn - ukp

=5 “)

The external behavior of a MMC can be described by (2).
It can be concluded that the ac network voltage ux can be
regulated by controlling ex and the two-level converter.

From (3), it is shown that the circulating current iuzm is
derived as a mismatch between the sum of the upper and lower
arm voltages and the dc-link voltage. Define uam as the inner
unbalance voltage of phase k, and it can be expressed as:

didiffk .
Ugigre = Lo “u + Rol g 6))

Apparently, ism can be controlled by regulating wuaip.
Therefore, the inner characteristic of the MMC can be
expressed by Equation (5).

III. CONTROL STRATEGY FOR A MMC

Define M as the voltage modulation ratio. Then:
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Ek
M =
Udc/2

(6)

where, 0<M<1. Ei is the magnitude of the inner EMF ex. The

modulation function of the upper and lower arms can be
derived as:

m, = %[1 — M cos(awyt +0)]
) (7)
m, = 5[1 + M cos(wyt + 6)]

where @, is the fundamental frequency and 6 is the initial

phase angle.

Equation (7) determines how many sub-modules can be
inserted into the arm. Therefore, the number of SMs that
should be inserted can be obtained:

N, =m,*N
N,

low

®)

:mn*N

It can be concluded from (8) that the number of SMs
inserted into the arm is sinusoidal and that it is in phase with
the output voltage. Therefore, the arm current can be
decomposed into the sum of the output current ip and the
circulating current iu as follows:

. . .
iy, = Elo +1,

" ©

ikn - _Eio + idi/ﬁf

Normally, iuipx can be written as equation (10):

0

Lugi :Idc+Zi" (10)

n=2

where n = 2,4,6..., and i, is the ' harmonic component in the
circulating current. This can be expressed as:

i, =1, *cos(nayt+y,) (11)

According to (11), the circulating current contains the
second-order harmonic and other high-order even harmonics.

The sums of the capacitor voltages in the upper arms and
lower arms are defined as ucy and uck, respectively. In
addition, the following equation can be obtained:

dugy, d (zucm) .
Csm = Cay i =iy N-m,

dt
ducy,
dt

(12)

d() ucqy;
Con =Coy (Z o) =iy, N-m,
dt
where uci is the i (i=1...N) upper arm capacitor voltage in
phase &, and ucy is the jm (j=N+1...2N) lower arm capacitor

voltage in phase k.

Fig. 2. Control diagram of the traditional control strategy for
circulating current suppression.

In the steady state, the sum of all the sub-module capacitor
voltages in one phase should be equal to 2Us, as shown in
the following equation:

Ucks = Ucyy T ek =2U g, (13)
According to (12) and (13), the following model can be built:
duCkv _ 1

LM
a Cc,_ Mo

arm arm

i}, - cos(awyt +0) (14)

Define Csum as the capacitance of the SM capacitor. Thus,
the equivalent capacitance of the phase leg can be derived as:

Cpn =Coy /N (15)

Based on (14) and (15), the average SM capacitor voltage
of the phase leg k can be expressed as:

1

M T
L+ TJ.O i, -cos(wyt + Ot (16)

arm

Uy =
Cks
C

arm

where T is the switch period, and s is the dc component of
the circulating current. It can be concluded that the dc
component of the circulating current determines the balance
of the SM capacitor voltage in each phase.

A. Traditional Control Strategy for Circulating Current
Suppression of a MMC

The authors of [23] proposed a model of an average
capacitor voltage control which has been widely used in
MMCs under a modulation mode called CPS-PWM.

A control diagram of this model is shown as Fig. 2. It can
be seen that the outer loop forces the average capacitor
voltage 1;“ to track its reference value ., and through the PI

controller, it generates the circulating current reference i ai.
The inner loop outputs the unbalance voltage uai, which can
be obtained by making the actual circulating current i
follow i"spto compensate the difference between the dc-link
voltage and the phase leg voltage. The average capacitor
voltage y, can be calculated by equation (17):

_ 1 N 2N
Uck :ﬁ(zuad"" Z ”Clq') a7
i=1 J=N+1

The circulating current is mainly composed of a dc
component, second-order harmonic component and other
high-order harmonic components. Therefore, the difference
between i'asipr and isp has a lot of harmonic components.
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Fig. 4. Diagram of a control strategy for circulating current
suppression using a quadratic-resonant quasi-PR controller.

However, the PI controller used in the inner loop can
eliminate static errors when tracking the dc component.
However, it cannot track the ac component without a static
error. Therefore, this model performs well in balancing the
SM capacitor voltage. However, it cannot suppress the
circulating current completely. Although the harmonic
components of the circulating current only flow between
three phases without affecting the output current, they distort
the arm currents, increase system loss and deteriorate the
system performance.

B. Improved Control Strategy for Circulating Current
Suppression of a MMC

In order to improve the quality of the arm current, decrease
the system loss and enhance the system performance, the
authors of [24] proposed an improved control strategy to
further suppress circulating current. First, based on an
analysis of the aforementioned average voltage model, it is
necessary to eliminate the second order component from the
output of the voltage loop in order to suppress the circulating
current harmonics. Therefore, a low-pass filter is proposed to
extract the dc component from the outer loop output in Fig. 2,
as shown as Fig. 3 [24].

To reduce the order of the system and simplify the system
design, a first-order low-pass filter is used in the controller
and its transfer function is given by:

F(s)=—1— (18)
s-T, +1
where T is the time constant, and the cut-off frequency of
this filter is 1/(2 7T /T5).

Afterwards, the circulating current harmonics are separated
from the circulating current reference, which contains the
second-order harmonic and other high-order even harmonics.
Among them, the second-order harmonic is the main
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Fig. 5. Diagram of the improved control strategy for circulating
current suppression using multiple quasi-PR controllers.

component. In the other harmonics, the four-order harmonic,
six-order harmonic and eight-order harmonic are the
dominating ones. The authors of [24] proposed a second- order
quasi-PR controller to eliminate the second-order harmonic
from circulating current as shown in Fig. 4. However, the
quadratic-resonant quasi-PR controller cannot eliminate other
harmonics in the circulating current. In order to further
eliminate the other order harmonics, an improved control
strategy for the circulating current has been proposed. This
method uses a multi-quasi-PR controller to suppress the
second-order harmonic and other high-order harmonics as
shown in Fig. 5.

The transfer function of the multiple quasi-PR is written
as:

2K, @,
FPR(S):KP+zn:2,4,6msz+2w s +(na, (19)
cn 0

where K, and K, are the scale coefficient and resonance gain
of the controller, respectively. @, is the response bandwidth

used to decrease the sensitivity of the resonant controller
when a frequency shift occurs, and @,is the fundamental

angular frequency. Because the second-order harmonic,
fourth-order harmonic, sixth-order harmonic and eighth-order
harmonic are major parts of the circulating current harmonic,
n can be set to 2, 4, 6 and 8 in equation (19). Thus, it can be
seen from Fig. 5 that there is a quadratic quasi-PR controller,
quartic quasi-PR controller, sixth quasi-PR controller and
eighth quasi-PR controller in the multi-quasi-PR controller.
These four controllers are added in parallel to get uaig.

A bode diagram of the quasi-PR controllers introduced in
Fig. 5 is shown in Fig. 6. Here the parameters of the controller
are selected as: K, = 10, K» = 1200, w,, =1.5rad/s and

@, =100z rad/s. Since these parameters influence the

stability and dynamic response of the system, they should be
designed carefully. The detailed process of parameter
designing will be introduced in the next section.

It can be seen from the magnitude diagram in Fig. 6 that
the magnitude curve has four resonance peaks at four
frequency points @, , 2@, ,3®, and 4@, , respectively. This
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Fig. 6. Bode diagram of a multiple quasi-PR controller.
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Fig. 7. Diagram of the individual balance controller for each SM.

can suppress the circulating current with a relative frequency.
However, it can also be seen from phase diagram in Fig. 6
that the phase curve changes dramatically at the resonance
peak, which may reduce the phase margin of the system.
Therefore, the control parameters should be selected properly
to prevent system instability.

From the above analysis, the arm voltage references of
phase & can be given as:

* 1
Upy = EUdc € — Uy

: (20)
u;n =5Udc e — Uy

Under the CPS-PWM method, the arm voltage reference is
averagely assigned to N SMs. Therefore, the N SMs are all in
the switching on and off state. Thus, every SM is modulated
depending on its own carrier wave and modulation wave.
Then the individual voltage balance controller can be applied
to regulate the modulation carrier, as shown in Fig.7. A
detailed description can be found in [23], [24].

According to Fig. 5 and Fig. 7, the voltage reference of the
im SM in phase k ukpyi can be calculated as in (21):

.
Uppi = U, T Uy, (21

By combing (19), (20) and (21), the circulating current
suppressing and capacitance voltage balancing can be
achieved.
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Fig. 8. Diagram of a circulating current suppression model.

IV. PRINCIPLES OF THE PARAMETERS DESIGN

The principles of the parameter design for a multi-quasi-PR
controller in discrete domain are given in this section.

As discussed in Section 11, it is the inner unbalance voltage
uaign that regulate the circulating current igs. Therefore, the
circulating current suppression model can be modified as
shown in Fig. 8 according to the controllers described in Fig.
3 and Fig. 4, where uw is the equivalent harmonic voltage
source in phase k& (refer to [25] for a more detailed analysis).

Define Gs(z)=Z(1/(LostRo)). Then the expression of the
circulating current and its error can be written as (22) and (23):

G, (2)G,(2)z”

idi[fk (2)= 1+ GW (2)G, (Z)Z"] . (Glp/,. (Z)idi[/k ()
_ G,(2) Uy, (2) o)
1+Gpr (Z)GS (Z)Z_l 2
Gy ()i (2)+ G, 2
e(Z) = ) 2 (23)

-1
14+G, G,z

The control system needs to make the circulating current
iagn follow its reference command and minimize the error
caused by the disturbance. The low-pass filter (LPF) in Fig. 6
acts as a forward feedback to eliminate the second-order
harmonic component in i"sm. The cutoff frequency of the
LPF is set to 20Hz for better extrication of the dc component
and filtering of the second-order harmonic component. By
using a Tustin transformation, the transfer function of a LPF
in the z-domain, can be written as:

0.0141(z+1) (24)

S D=0 9718

Considering the actual grid fluctuations, if the grid
frequency ripple is (50+0.5) Hz, then,in (19) should be

selected as1007 rad/s. In addition, @,, = (nz) rad/s and n =

2,4,6,8. Employing a Tustin transformation, the z-domain
form of the multiple quasi-PR can be obtained in (25):

4, (-1
27 ~1.9822+0.9975  z* —1.9332+0.9951 (25)
4,(2* 1) 42> -1)
22 —1.8562+0.9927 2% —1.754z +0.9906

’44(22 -1

G, (2)=K,+

The expression of 4.(n=2, 4, 6, 8) can be given as:
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where K is defined as the resonance gain, T is the sampling
period.

In experimentation, the arm inductance Lo is equal to SmH,
and its equivalent resistance is assumed to be 0.5Q. By
applying a ZOH transformation, the impedance transfer
function can be derived as (27):

G(z) = 0.0396 @7
z—-0.9802

Considering the action of a disturbance, the system response
should tend to be zero, and the error equation is given by
(28):

o)

Then, under a unit step disturbance, the steady state error
can be written as (29):

lim, ,,(1-z")E,(z)= (29)

1+2Kp

If the relative error is required to be less than 0.1, then K,>
9.5. Based on (25), (26), (27) and (28), the open-loop transfer
function can be written as (30):

0.0396

G = T 09802)

G, (2) (30)

The value of A in Gp(z) is significant to the controller
because it directly affects the circulating current suppression
and the system stability. In order to facilitate the analysis, 42,
A4, As and As become the same in the controller. It is verified
that the system is stable when using the same value for 42, A4,
As and As.

According to (30), Fig. 9 shows a bode diagram of the
open-loop system with the variation of 4, when K, = 12. It
can be seen from Fig. 9 that the open-loop magnitude curve
has four resonance peaks. In addition, the magnitude around
the resonance frequency points increases with A4, which
means that the multiple quasi-PR controller has better
performance when 4, increases. However, with an increase of
An, the phase lag around the resonant frequency also increases,
which reduces the phase margin of the system.

Fig. 10 shows a bode diagram of the open-loop system
with the variation of K, when 4,= 0.12. It can be seen from
Fig. 10 that the open-loop gain at the point of the resonant
frequency of the system increases with K, which is helpful
for circulating current suppression. In addition, when K,
increases, the steady precision of the system is improved.
However, the magnitude margin and the phase margin of the
system is reduced, which is not beneficial to the stability of
the system.
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Considering the performance of the circulating current
suppression and the stability of the system, the parameters are
selected as: K, = 14 and 4, = 0.12. Fig. 11 shows a bode
diagram of the open-loop system with the selected parameters.
It can be seen that the magnitude margin and phase margin
are 4.7dB and 30°, respectively. This indicates that the
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TABLE |

MAIN CIRCUIT PARAMETERS OF THE MMC IN THE SIMULATION
Items Symbol Value
Number SMs per arm N 4
Arm inductance L,/mH 5
Sub-module capacitance C/mF 1
DC supply voltage Udv/ v 680
Sub-module capacitor voltage Ua./V 170
Output RMS voltage u, |V 381
Output RMS current I, /A 8.8
Output inductance L, /mH 4
Output frequency Jo/Hz 50
Rated load R,/ 25

system is stable.

It is noteworthy that when compared with a quadratic
quasi-PR controller, the multi-quasi-PR controller has less
magnitude margin and phase margin due to the presence of
multiple resonance peaks.

V. SIMULATION RESULTS

To verify the correctness and effectiveness of the improved
method proposed in this paper, a simulation model for a
MMC system of three phases with a passive load was built
using MATLAB/Simulink. The main circuit parameters in the
system are listed in Table I. First, the traditional control
strategy is applied in the simulation. Then the improved
control strategy is used in the simulation to make a
comparison with the traditional control strategy.

A. The PI Control Strategy Application in the Simulation

By applying a PI control strategy in the circulating current
suppression, the simulation results are shown in Fig. 12. Fig.
12(a) gives the phase voltage of the passive loads. The upper
and lower arm currents of phase 4 are shown in Fig. 12(b).
Fig. 12(c) gives the circulating current iy and its peak-peak
value, which is about 1.5A. Therefore, the PI control strategy
has a limited ability to suppress circulating current.

B. The Quadratic quasi-PR Control Strategy Application
in Simulation

Since the traditional PI controller cannot suppress the second
order harmonic in the circulating current, the quadratic
quasi-PR controller can be applied. Fig. 13 shows the main
harmonics of the circulating current in phase A after using the
quadratic quasi-PR control and the traditional PI control,
respectively. As shown in Fig. 13, when the quadratic
quasi-PR control is applied, the second order harmonic in the
circulating current is rapidly suppressed when compared with
traditional PI control. As a result, the amplitude of the
circulating current is reduced.

I —
%63 031 032 033 034 035 036 037 038 039 04

(c)
t/s

Fig. 12. Simulation results of a MMC when using the PI control
strategy.
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Fig. 13. Main harmonics of the phase 4 circulating current in
simulations using the quadratic quasi-PR control and the PI
control.
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Fig. 14. Simulation results of a MMC when using the multiple
quasi-PR control strategy.
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C. The multi-quasi-PR Control Strategy Application in
Simulation

Applying the multi-quasi-PR control strategy, the obtained
simulation results are shown as Fig. 14.

Fig. 14 shows that quadratic quasi-PR control has good
ability to suppress the second order harmonic in the circulating
current. In order to verify that multi-quasi-PR controller has
the ability to suppress the high order harmonics in the
circulating current, Fig. 15 shows the main harmonics of the
circulating current in phase A after using the quadratic

quasi-PR control and the multi-quasi-PR control, respectively.

As shown in Fig. 15, when the quadratic quasi-PR control is
used, the other high order harmonics in the circulating current
still exist apart from the second order harmonics. However,
the multi-quasi-PR control can suppress the second order
harmonic in the circulating current, and the other main high
order harmonics, which verifies the effectiveness of the
proposed controller.

VI. EXPERIMENT RESULTS

In order to verify the effectiveness of the multi-quasi-PR
controller proposed in this paper, a three phase MMC
prototype with a passive load was built. The hardware
platform is shown in Fig. 16. In the experimental platform, a
TMS320F28335 from TI and a FPGA EP3C16Q240C8 from
ALTERA are selected as the control units. In addition, an
IGBT FGA180N30D from FAIRCHILD is selected as the
switching device, and the material of inductor used in the
circuit is FeSiAl.

The main circuit parameters of the experimental platform
are shown in Table II. In this experiment, three control
strategies for circulating current suppression will be compared,
including PI control, quadratic quasi-PR control and multiple
quasi-PR control. In addition, the three-phase output voltage,
the arm current in phase 4 and the circulating current in
phase 4 of each control strategy will be shown. The main
parameters of the three control strategies are shown in Table
IIT according to the analysis in section V.

A. The PI Control Strategy Applied in the Experiment
After applying the PI control strategy, experimental results
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Fig. 16. Practical hardware platform of a MMC.

TABLE II
MAIN CIRCUIT PARAMETERS OF THE MMC IN THE EXPERIMENT

Items Symbol Value
Number SMs per arm N 4
Arm inductance L,/mH 5
Sub-module capacitance C/mF 1.3
DC supply voltage UulV 300
Sub-module capacitor voltage Uy /V 75
Output RMS voltage u, [V 163
Output RMS current I, /A 3.75
Output inductance L, /mH 4
Output frequency Jo/Hz 50
Rated load R,/ 25

TABLE III

MAIN CONTROL PARAMETERS IN THE EXPERIMENT

Control Strategy Control Parameters
PI K,=14K;=200
K,=144,=0.12

K,=144,=0.12

Quadratic quasi-PR
Multiple quasi-PR

are shown in Fig. 17. Fig. 17(a) gives the three-phase output
voltage. The upper and lower arm currents of phase A are
shown in Fig. 17(b). When compared with a standard sinewave,
the current waves are distorted due to the presence of
circulating current. Fig. 17(c) gives the circulating current
igifa and the peak-peak value is about 1.2A. In addition, it can
be seen from Fig. 17(c) that there is an obvious second
harmonic in the circulating current.

B. The Quadratic Quasi-PR Control Strategy Applied in
the Experiment
After applying the quadratic control strategy, experimental
results are shown in Fig. 18.
Comparing Fig. 18(b) with Fig. 17(b), it can be seen that
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Fig. 17. Experimental results of the PI control.
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Fig. 19. Experimental results of the multiple quasi-PR control.

the sine quality of the arm current has been improved. In
addition, comparing Fig. 18(c) with Fig. 17(c), it can be seen
that the peak-peak value of the circulating current is reduced
to about 0.8A after the quadratic quasi-PR control is applied.
In addition, the second order harmonic in the circulating
current has been obviously suppressed.

C. The Multiple Quasi-PR Control Strategy Applied in the
Experiment

After applying the quadratic control strategy, experimental
results are shown in Fig. 19.

0.14)
= quadratic quasi-PR

02 = multiple quasi-PR_|

04

2 4 6 8
Harmonic Orders

Fig. 20. Main harmonics of the phase 4 circulating current in the
experiment.
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Fig. 21. Arm current and circulating current with an increase of
Kp (4, =0.12).

Fig. 22. Arm current and circulating current with an increase of
An(Kp=0.14).

From Fig. 19(b), it can be seen that the arm current still has
a good sine quality. In addition, it can be concluded from Fig.
19(c) that the multi-quasi-PR controller still has a good
ability to suppress circulating current, and the system is stable
under the selected control parameters.

In order to verify that the multi-quasi-PR controller has the
ability to suppress the high order harmonics in the circulating
current when compared with the quadratic quasi-PR controller,
the main harmonics of the circulating current in phase A after
using the quadratic quasi-PR control and the multi-quasi-PR
control are shown in Fig. 20.
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As shown in Fig. 20, the other high order harmonics in the
circulating current are relatively large apart from the second
order harmonics when the quadratic quasi-PR control is used.
However, after using the multi-quasi-PR control, the second
order harmonic in the circulating current is suppressed, and
the other main high order harmonics are greatly reduced.

In this experiment, since the power of system is not very
large, the advantages of the multi-quasi-PR controller are not
obvious. However, the system power is great in practical
MMC applications that cause a large circulating current. In
this case, the advantages of the proposed control strategy will
be clearly represented.

The parameters of the multi-quasi-PR controller used in the
experiment are shown in Table III. Now keep the parameter
An unchanged, and increase the parameter K. Fig. 21(a) and
(b) show the arm current and circulating current in phase 4
when K, = 18. It can be seen that the arm current starts to
jitter. K}, is further increased to 24, and the results are shown
in Fig. 21(c) and (d). It seems that when K, = 24, the arm
current oscillates. Thus, when K, increases, the stability of
the system deteriorates, which is the same as the analysis of
section IV.

A similar analysis can be done when 4, increases, while K,
is unchanged. When A4, = 0.3, the arm and circulating current
in phase 4 are shown in Fig. 22(a) and (b) respectively.
Increase A, and the results are shown in Fig. 22(c) and (d). It
can be concluded that with an increase of 4., the oscillation
of the arm current is more obvious, which means that the
stability margin of the system is reduced.

VII. CONCLUSIONS

A novel controller to suppress circulating current harmonics
is proposed in this paper. When compared with the traditional
control strategy for circulating current suppression, the
control loop is improved by adding a dc component
extraction unit and a multi-quasi-PR controller. In addition,
an individual capacitor voltage balancing control is applied to
balance the capacitor voltage in the SM. Furthermore, the
parameter design principles of the multi-quasi-PR controller
are proposed in the discrete-domain for obtaining better
effectiveness, and the stability of the system is also analyzed.
In order to confirm the correctness and superiority of the
improved control method, a simulation model is built. Finally,
a comparison of experimental results before and after the
improvement verifies the feasibility and effectiveness of the
improved control method.
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