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Abstract

Under the conventional control strategy, the asymmetry of arm impedances may result in the poor operating performance of

modular multilevel converters (MMCs). For example, fundamental frequency oscillation and double frequency components may

occur in the dc and ac sides, respectively; and submodule (SM) capacitor voltages among the arms may not be balanced. This

study presents an enhanced control strategy to deal with these problems. A mathematical model of an MMC with asymmetric

arm impedance is first established. The causes for the above phenomena are analyzed on the basis of the model. Subsequently, an

enhanced current control with five integrated proportional integral resonant regulators is designed to protect the ac and dc

terminal behavior of converters from asymmetric arm impedances. Furthermore, an enhanced capacitor voltage control is

designed to balance the capacitor voltage among the arms with high efficiency and to decouple the ac side control, dc side

control, and capacitor voltage balance control among the arms. The accuracy of the theoretical analysis and the effectiveness of
the proposed enhanced control strategy are verified through simulation and experimental results.
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I. INTRODUCTION

Modular multilevel converters (MMCs) have become
promising converter topologies for high-power applications,
such as high-voltage direct current (HVDC) transmission, large
motor drives, and many other important future applications,
due to their modularity, scalability, and low power losses [1]-[6].

The topology of MMCs was first proposed by Marquardt
[7]. The original topology featured no inductors in the arms,
and all submodules (SMs) were treated as switchable dc
sources. Subsequently, a series inductor was added in each arm
to control and limit the arm current [8]. Driven by the complex
structure and internal dynamics of MMCs, considerable efforts
have been devoted to the development of suitable mathematical
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models and control strategies. Established MMC models
differ from one another in terms of assumptions and
simplifications. Ref. [9] proved that MMCs can be analyzed
on the basis of the total capacitor voltage rather than the
individual capacitor voltage; hence, the model and control are
greatly simplified. An average model of an MMC was
established by introducing an average operator in a switching
cycle [10]; the steady-state analytical expression of circulating
currents was obtained, and the coupling effects of capacitance
and inductance in the arms were revealed. A decoupled model
of ac side, dc side, and circulating currents was established on
the basis of the average model under normal conditions [11].
The control strategies available in the literature can be
classified into two categories. The first category comprises
the direct modulation-based control strategy, which is also
known as the non-energy-controlled strategy [12]-[14]. This
control strategy is known to be asymptotically stable, but it is
prone to large double frequency circulating currents produced
by the interaction between modulation signals and SM
capacitor voltage ripples. Ref. [15] proposed a circulating
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current suppressi  ng control to eliminate double frequency
circulating currents. A repetitive controller and a series of
resonant controllers were also proposed to solve this problem
[16], [17]. The second category comprises the indirect
modulation-based control strategy, which is also known as
the energy-controlled strategy [18]-[20]. In this case, the
balancing of capacitor voltages among different arms is
marginally stable, and a closed-loop arm capacitor voltage
balancing controller should be employed. These strategies are
mainly designed for ideal symmetrical operations. For the
studies under asymmetric ac grid conditions, ref. [21], [22]
confirmed the existence of positive- and zero-sequence
components in circulating currents. A dual vector current
control with a supplementary dc voltage ripple suppressing
controller was proposed to solve this problem [23]. The
control strategy has a relatively complicated structure despite
its good performance under asymmetric ac grid conditions.
Recently, proportional resonant (PR) controllers have been
integrated in circulating current suppressing strategies of
MMCs [24], [25]. PR controller-based strategies can completely
eliminate all positive-, negative-, and zero- sequence circulating
currents in stationary frames. Hence, they can simplify the
control structure and improve overall performance.

All the above studies assumed that the arm impedances of
MMCs are identical. However, the inductances of the upper
and lower arms could inevitably have several differences due
to the manufacturing problems in practical projects. In the
case of failures, SMs are prone to short-circuit faults, and
converters can continue to operate due to redundant
configurations. Therefore, the different numbers of failed
SMs and different losses in the upper and lower arms cause
the arm equivalent resistance to be asymmetric. Ref. [26]
briefly introduced the impact of an MMC with asymmetric
arm impedance and indicated that the ac current is unequally
split between the upper and lower arms. However, neither the
influence of the ac current flowing into the dc side caused by
asymmetric arm impedance nor the effective control strategy
was investigated. Ref. [27] proposed a control strategy for an
MMC with asymmetric arm impedance that could eliminate
fundamental and double frequency circulating currents and
balance arm capacitor voltages. However, the dc current might
occur in the ac side of the converter under equivalent resistance
conditions of asymmetric arms. Such condition adversely
affects transformer operation and ac side performance.

The present study establishes a mathematical model for an
MMC with asymmetric arm impedance and analyzes the
causes of abnormal phenomena. On the basis of this model,
an enhanced current control with five integrated proportional
integral resonant (PIR) regulators is designed in an af0
reference frame for MMCs with asymmetric arm impedance
in HVDC transmission systems to eliminate the fundamental
frequency oscillations in the dc side and the dc and double
frequency components in the ac side. Furthermore, an enhanced

capacitor voltage control is designed to balance the capacitor
voltages among the arms with high efficiency and to decouple
the ac side control, dc side control, and capacitor voltage
balance control among the arms. With the proposed enhanced
control strategy, MMCs with asymmetric arm impedance for
HVDC applications can realize steady-state and dynamic
performance.

The rest of this paper is organized as follows. Section II
establishes a mathematical model of an MMC with asymmetric
arm impedance and analyzes the causes of abnormal
phenomena. Section III describes the enhanced control strategy.
Sections IV and V present the simulation and experimental
results to verify the effectiveness of the proposed control
strategy, respectively. Section VI concludes the paper.

II. MATHEMATICAL MODEL OF AN MMC WITH
ASYMMETRIC ARM IMPEDANCE

Fig. 1 shows the topology of a three-phase MMC. Each leg
of the MMC consists of one upper arm and one lower arm
connected in series between the dc terminals. Each arm
contains cascaded SMs and an arm inductor.

Fig. 2 depicts the average model of the MMC, where L;
and R; are the arm inductance and equivalent series resistance,
respectively. All capacitor voltages in one arm are maintained
in a close range by using a balancing algorithm included in
the MMC control system [15]. The cascaded SMs of each
arm can be equivalent to the controllable voltage source. The
positive arm currents are defined as the charging capacitors
of the SMs.

The upper and lower arm currents of the MMC can be
expressed as

P S .
W ooy 3 cnj o
where iy, (i,;) is the upper (lower) arm current; i, i, and iy
are the common-mode current, ac side, and dc side,
respectively; and i, is the circulating current, which includes
dc and ac components.
According to Kirchhoff’s voltage law, the following
equations can be derived from Fig. 2:

Ve, diy
— 4, — lde _ oo .
Uy = Uge +uw’r,f u;, = 2 ij dr Rp/'lpi
di,
“hrg TR )
14 1.
dc n :
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nj dc cirf J 2 nj dt nnj
di,
+LTE+RH; +v, +u,
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Fig. 1. Topology of the three-phase MMC.

where u,,; (u,;) is the upper (lower) arm voltage; L,; (L,;) is the
upper (lower) arm inductance; R,; (R,) is the upper (lower)
arm equivalent resistance; Ly and Ry are the leakage
inductance and equivalent resistance of the transformer,
respectively; V. is the dc link voltage; v; is the ac side
voltage; u; is the ac electromotive force (EMF) (driving i)); 14
is the dc EMF (driving i4); u.y; is the internal circulating
voltage (driving i.,); and u,, is the common-mode voltage,
which is considered to be 0 in this study.

A. Current Model of MMC with Asymmetric Arm
Impedance

Combining (1) and (2) yields

dicom'
L,—+Ri,6 =V

<l ¢j comj de 2ud0 zut‘irj (3)
Ly, R,
2 dt 27
idl &l_:u__v__idimmj_ﬂi ,
4 d[ 4 7 7 J 2 dt 2 comj (4)
dij .
- L~ Ry,
where
Lcj = ij +Lnj , Ld] = ij _Lnj

R,=R,+R,, R;=R,-R,

Equation (3) describes the common-mode current dynamics
of the MMC with asymmetric arm impedance, and Equation
(4) describes the ac side dynamics. On the basis of (3) and (4),
the models of the common-mode and ac side currents can be
obtained, as depicted in Figs. 3(a) and 3(b), respectively. The
part in the dashed box in Figs. 3(a) and 3(b) is 0 when the
arm impedances are identical, that is, Ly = 0, Ry = 0.
Therefore, the common-mode current and ac side current are
decoupled, and good control performance can be achieved by
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Fig. 3. Current model of MMC with asymmetric arm impedance.
Cascaded SMs of the upper and lower arms: (a) Common-mode
current model; (b) AC side model.



1686 Journal of Power Electronics, Vol. 18, No. 6, November 2018

using the conventional current control strategy [15]. However,

the part in the dashed box in Figs. 3(a) and 3(b) is not 0 when
the arm impedances are asymmetric, that is, Ly # 0, R;# 0.
Therefore, ij introduces the fundamental frequency component
into icomj when the conventional current control strategy is
adopted, as shown in Fig. 3(a). Moreover, fundamental
frequency oscillation occurs in the dc side due to the
randomness of the arm impedance differences. Similarly,
from Fig. 3(b), i, introduces the dc and double frequency
components into . The arm impedances may trigger the
transformer protection or overcurrent protection of the
fundamental frequency current in the dc line when they are
seriously asymmetric. The converter is shut down due to
these protection actions.

B. Energy Model of MMC with Asymmetric Arm
Impedance

By combining (1) and (2), we can express the instantaneous
power of cascaded SMs in the upper and lower arms as

dw

d;j = (ucom/ - ui )( ;L czr/ ] ) (5)
aw, i
W ey b ©)
dt ( comj u )( ur] 2 )

where w,; (w,,) is the energy stored in the cascaded SMs of
the upper (lower) arm and o, = Uge + Ueiry.

The subtraction of (6) from (5) and the addition of (5) and
(6) yield

dw; L2 .
= =200 + Uy — 3 (7
aws 2
' .
df _E com/ +2ucomj cirj ujlj (8)
where W? (Wf) is the difference (sum) of the stored
energies.

The dc flows into the ac side, and the fundamental
frequency current flows into the dc side under asymmetric
arm impedance. Such condition causes the changes in the
energy stored in cascaded SMs. By integrating (7) and (8) in
a certain fundamental frequency cycle, we have

A t+T . 2 .
w; = .[ =2, U0 _Eujldcdt #0 (©))
s +T 2 . 20
w, = J.t Euwm’ + 2umm1 iy —u].l].dt =W, (10)

0 . . .
where w s the sum of the energies stored in the cascaded

[3P:L]
t

SMs of the upper and lower arms at time and T is a
fundamental frequency cycle.

On the basis of (9) and (10), the capacitor voltage
imbalance occurs among the different arms under asymmetric

arm impedance. The MMC can enter a new steady state when

the arm impedances are not seriously asymmetric. However,
the capacitor voltage imbalance could lead to different
voltage stresses on the switching devices, which will

compromise safe operations.

III. ENHANCED CONTROL OF MMC WITH
ASYMMETRIC ARM IMPEDANCE

Eliminating the occurrence of abnormal phenomena in the
MMC with asymmetric arm impedance requires the realization
of the following control objectives: (1) to eliminate the dc
and double frequency components in the ac side, (2) to
eliminate the fundamental frequency component in the dc
side, (3) to balance the capacitor voltages between the upper
and lower arms, and (4) to balance the capacitor voltages
among the different legs.

A. Enhanced Current Control Strategy of MMC with
Asymmetric Arm Impedance

Achieving the above current control objectives necessitates
the direct control of the ac side, dc side, and circulating
current by a PIR regulator-based control strategy with high
bandwidth. Fig. 4 depicts the block diagram of the enhanced
current control strategy with five integrated PIR regulators
for the MMC with asymmetric arm impedance. This strategy
is designed in the af0 reference frame on the basis of current
models.

The asymmetry of arm impedances may lead to the
occurrence of dc and double frequency components in the ac
side i, and i;. To eliminate the dc and double frequency
components, we adopt the PIR regulator, the transfer function
of which is shown in Equation (11), in tracking the
fundamental frequency ac reference signals without steady-
state errors, as shown in Fig. 4(a). This approach is in contrast
to the conventional current control strategy. The PIR regulator
is also used to track the dc reference signals without steady-
state errors to eliminate the fundamental frequency oscillations
in the dc side iz. As shown in Fig. 4(c), circulating currents
icire and iz .z can be controlled by using internal circulating
voltages u,;,, and u;,, respectively. The PIR regulator is also
adopted to track the dc and fundamental frequency components
of the reference signals of the circulating current, as shown in
Equation (18). Fig. 4(d) depicts the insertion index generation
of each arm, and the arm reference voltages can be linearly
obtained by transforming the outputs of the ac side loops, dc
side loop, and circulating current loops through matrix A; the
expression is presented in the Appendix. The insertion index
of each arm, which compensates for capacitor voltage ripples,
can be generated by dividing the arm reference voltage by the
total capacitor voltage of the corresponding arm.

PIR(s) =k, L (11
&)=k, +7 s +Z;s +(ha,)’
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Fig. 4. Enhanced current control strategy of the MMC with
asymmetric arm impedance. (a) AC side control; (b) DC side
control; (¢) Circulating current control; (d) Insertion index
generation of each arm.

where k,, k;, and k,, are the control parameters of the PIR

regulator, and @, is the fundamental angular frequency.

B. Parameter Design of PIR Regulator

As shown in Fig. 3, the dynamics of the ac side, dc side,
and circulating current can all be described as first-order
systems, which can be expressed as follows:

1
G (8) = (12)
I\ac,dc,clr}( ) SL +R

{ac,dc,cir}

{ac.dc,cir}
where Lqeciy are the ac side, dc side, and internal

equivalent inductance, respectively; Ry q iy are the ac side,
dc side, and internal equivalent resistance, respectively.

The control parameters of the PIR regulator can be
separately tuned [28]. To track the dc reference component
without steady-state errors, we use a pure PI regulator for the
moment, that is, k, = 0. The transfer function of the
open-loop system can then be derived as

1 k,s+k,
+R

{ac.dc,cir}

G

K{ac,dc,cir} (S) =

(13)

sL, K

{ac,dc,cir}

On the basis of the internal mode control approach [29], &,
and k; can be derived as follows:

=a{L, +£,2—L,L}
23 (14)
R 2R

a R, +—,—,R

ARy == R

k =alL

P cac.dc,cir}

ki =R e eciry =
where L and R are the nominal arm inductance and resistance,
respectively; and a, is the desired closed-loop system
bandwidth.
By combining (13) and (14), we can express the transfer
function of the closed-loop system as

% (15)

G ir (S) =
C{ac,dc,cir} (S +ac)

An upper limit for ac must be ensured for the closed-loop
system to remain stable with large margins. A valuable rule
of thumb is expressed as follows [30]:

%s% (16)

where @, is the angular sampling frequency.

The recommendation given in (16) typically yields an a, in
the range of kiloradians per second. For example, a sampling
frequency of 10 kHz gives a. < 6.3 krad/s.

To track the ac reference component without steady-state
errors, we use a pure PR regulator for the moment, that is, &;
= 0. For simplicity, the equivalent resistance is ignored in
designing resonant parameter k;,. Suppose that k, can be
expressed as

k, =ak, (17)

By combining (11), (12), (14), and (17), we can derive the
transfer function of the closed-loop system as

a,[s* +(hw) 1+ a,a.s (18)

Gw - de.cii §)=
C\m,da‘ur)( ) (S_I_ac)[sz +(h0)] )2]+ahacs

This equation can be equivalently expressed as

a,ls’ +a,s+(ho)’]

G = 2 2 2
(s+a)ls +a,s+(hw) 1-a,s

C{ac,dc,cir} (S)

(19)

Equation (19) can be approximated as
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a s’ +a,s+(ho,)’]
(s+a,)[s’ +a,s+(ho,)’] (20)
ac

T (+a,)

G(,'{ac,dc.(rir} (S) ~

Equation (20) is simplified as the closed-loop transfer
function shown in (15), which is obtained for pure PI control.
The approximation holds when

a,<a, @n

This condition translates to a selection of @ in the range of
hundreds of radians per second such that

(24
o, <= 22)
10
When £, is selected on the basis of (16)—(17) and (22), the
closed-loop system dynamics will be dominated by a pole at

s~ —a (23)

c

In addition, a pole pair is obtained at

2
Sy i ho ) - % 24
§ 2—] (hay,) 4 (24)

However, this pole pair tends to be canceled by the zero
pair of G(s) in (19), and parameter a;, which is called the
resonant bandwidth, determines the exponential convergence
rate of the adjustment made by the R part to obtain accurate
reference tracking.

C. Enhanced Capacitor Voltage Control Strategy of
MMC with Asymmetric Arm Impedance

The capacitor voltage balance is controlled in two stages.
The first stage equally distributes the capacitor voltages in each
arm, and the second stage balances the capacitor voltages
among the different arms. Several techniques have been
proposed to balance the capacitor voltages in each arm. They
can be classified into distributed and centralized methods [15],
[31]-[34]. The distributed method with a closed-loop controller
for each SM is effective and is adopted in the present study
[15]. In this section, we focus on the design of the enhanced
capacitor voltage balance control among different arms.

Only the non-alternating power is considered because the
control is focused on regulating the mean value of energy. By
transforming (7) to the af0 reference frame, we can derive
the dynamics of the differences of the energies stored in the
cascaded SMs of the upper and lower arms from the
following algebraic calculation:

de ~dc— ~ac—
dta = _(v(llcim: - v/} lcir/i) = edxf(z
p— ac— p—
dt (valctrﬂ + vﬂ C/ra) ed!/ﬂ
dw,
0 _ ac+ sact \ __
dt - _(valumz + vﬂlcirﬁ) - ea’ifO
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—A  —A —A
where W, , Wg and W, are the mean values of the

differences of the energies stored in the cascaded SMs of the
upper and lower arms in the o30 reference frame; v, and v,

are the ac side voltages in the aff reference frame; ,"’F’fﬁ and
Cciroy

j9°~ are the positive and negative sequence fundamental

lciraﬂ
frequency ac components of the circulating currents in the af
reference frame, respectively; and ey, eqp and eyy are
defined as the auxiliary control inputs.

On the basis of (25), the positive and negative sequence
fundamental frequency ac components of circulating currents

-ac+ -ac+ ~dc—

Lira> Yeirp s Leire » and lur p can be used to balance the

capacitor voltages between the upper and lower arms. By
defining auxiliary control inputs ey, eusp and egp, a
Pl-based feedback control loop can be designed to regulate
the differences of the energies stored in the cascaded SMs of
the upper and lower arms by using the resulting first-order
system, as shown in Equation (25). However, three types of
energy should be controlled, and four ac components of the
circulating current should be selected. Therefore, a constraint
condition in which the reactive power interaction between the
positive sequence fundamental frequency circulating current
and the ac side voltage is zero should be added to ensure that
the converter achieves the highest efficiency, that is,

a urﬁ ﬂ cira

3
“(~v laC+ ac+ O (26)
5 )=

By combining (25) and (26), the reference values of the
positive and negative fundamental frequency -circulating
currents can be expressed as

Lrref 0 0 -v, vy [ley,

Liprer | 1 00 v =vellews | (a7
- v, +vﬂ2 v, vy 0 0 €iro

o v, v, 0 0 0

By transforming (8) to the af0 reference frame, we can
derive the dynamics of the sum of the energies stored in the
cascaded SMs of the upper and lower arms from the
following algebraic calculation:

aw* 1 - _
ta =2yl _E(V“ia ~ Vi) = Couna
dwy, 1
—r =2u, m,& 2( p V) =€ (28)
t
d 3
dc ldL 2 (v + vﬂlﬁ ) e‘”mo

=X =X —X
where W, Wy, and W, are the mean values of the sum

of the energies stored in the cascaded SMs of the upper and
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. o+ —
lower arms in the af0 reference frame; 7,, and 1,, are
the positive and negative sequence ac side currents in the a0

reference frame, respectively; iii is the dc component of

af
the circulating current in the af0 reference frame; and eg,q,
€ump> and ey, are defined as the auxiliary control inputs.

On the basis of (28), the dc components of circulating

currents j d

o, and ifr 5 can be selected to balance the capa
citor voltages among different legs because the negative
sequence ac side is commonly controlled to zero in HVDC
applications. The total energy stored in the capacitors of the
converter can be regulated by dc side i,. The non-alternating
power disturbances can be compensated for in a feed-forward
manner by defining auxiliary control inputs eguq, €gump and
eqmo- Through the control input transformation, a Pl-based
feedback control loop can be designed to regulate the sum of
the energies stored in cascaded SMs by using the resulting
first-order system, as shown in Equation (28). The reference of
the dc side and the dc components of the circulating current
can be expressed as

3 . .
emo + =V, i, +v, zﬂ)
i = 2 (29)
d,
¢ 2u,,
-dc —_ esuma
ciraref
24, (30)
.de _ esumﬂ
lcirﬂref - 27/[
dc

On the basis of (25)-(30), the block diagram of the
enhanced capacitor voltage control strategy of the MMC with
asymmetric arm impedance is depicted in Fig. 5. As shown in
Fig. 5(a), the reference value of the difference of the energies
stored in the cascaded SMs of the upper and lower arms is
zero, and the feedback value contains a large fundamental
frequency ripple. A 50 Hz notch filter is added in the
feedback link to eliminate the influence of the fundamental
frequency component. The outputs of three PI regulators are
€aifas €aigp» and egyp, respectively, and the reference value of the
positive and negative fundamental frequency ac components
of the circulating current can be obtained on the basis of (27).
As shown in Fig. 5(b), a 50 Hz notch filter is added in the
feedback link to eliminate the influence of the fundamental
frequency component of the feedback value. The output of the
PI regulator is e, and the reference value of the dc side can
be obtained on the basis of (29). As shown in Fig. 5(c), the
reference value of the sum of the energies stored in the
cascaded SMs of the upper and lower arms is zero, and the
feedback value contains a large double frequency ripple. A
100 Hz notch filter is added in the feedback link to eliminate
the influence of the double frequency component. The outputs
of two PI regulators are ey, and ey, respectively, and the

~ac+

e gl S it
< —>
A —
w .
a, Notch -ac+
filter lcir,Bref
(27) ~ac—
A lciraref
Ws [ Notch
o
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cir Bref
x —
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3w + e Lieref
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C
Fig. 5. Enhanced capacitor Volt(a;e control strategy of the MMC
with asymmetric arm impedance: (a) Capacitor voltage balance
control between the upper and lower arms; (b) Total capacitor
voltage control; (c) Capacitor voltage balance control among the
legs.

reference value of the dc component of the circulating current
can be obtained on the basis of (30). Hence, the reference
value of the circulating current as the input of the circulating
current control shown in Fig. 4(c) can be obtained as

de -ac+

Y .ac—
l iraref + lcirare_'f + lc*irm'é;f (3 1)

lcirare_'f Y

-dc sac+

. _ .ac—
lcirﬂref - lcirﬂrf;f +1 +1

cir fref cir fref

On the basis of Figs. 4(a), 4(b), 5(a), and 5(c), the ac side
control, dc side control, and capacitor voltage balance control
among the arms are decoupled. Therefore, the MMC with
asymmetric arm impedance for HVDC applications can
achieve a steady-state and dynamic performance by using the
proposed enhanced control strategy.

IV. SIMULATION VERIFICATION

To verify the effectiveness of the proposed enhanced
control strategy of the MMC with asymmetric arm impedance
for HVDC applications, we build a nonlinear time domain
simulation model of the MMC-HVDC system (Fig. 6) in
MATLAB/Simulink. MMCI1 adopts a fixed active power
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Fig. 6. Structure diagram of the simulation system.
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Fig. 7. Steady-state simulation results of MMC1 with conventional
control strategy.

control, and MMC2 employs a constant dc voltage control.
The simulation parameters of the MMC-HVDC system are
shown in Table I, and the arm impedances of MMC2 are
identically set to show the negative effect of MMC1 with
asymmetric arm impedance on MMC2 in the MMC-HVDC
system.

The steady-state simulation results of MMC1 and MMC2
using the conventional control strategy are shown in Figs. 7
and 8, respectively. The operating performance of MMC?2 is
affected by that of MMCI. Capacitor voltage imbalance
among the arms occurs in the two converters. The Fourier
analysis results of the ac side and dc side are shown in Table
II. The ac side contains dc and double-frequency components,
and a fundamental frequency oscillation occurs in the dc side
of the two converters.

The steady-state simulation results of MMC1 and MMC2

TABLE 1

SIMULATION PARAMETERS OF THE SYSTEM
Parameter Value
Rated active power 1000MW
DC-link voltage 640kV
AC rated rms voltage 400/333kV
Grid frequency 50Hz
Numbers of SMs per arm 20
SM capacitance 0.5mF(30k]/MVA)

L, of MMCl1 52.5mH(0.16pu)
L, of MMCI1 47.5mH(0.14pu)
Ly, of MMC1 50mH(0.15pu)
L, of MMCI1 47.5mH(0.14pu)
L, of MMCl1 47.5mH(0.14pu)
L,. of MMC1 52.5mH(0.16pu)
R,s of MMC1 1.1150(0.0105pu)
R, of MMCI1 1.0450(0.0095pu)
R, of MMC1 1.19(0.01pu)
R, of MMC1 1.0450(0.0095pu)
R, of MMCI1 1.0450(0.0095pu)
R,. of MMCI1 1.1159(0.0105pu)

Arm inductance of MMC2
Arm resistance of MMC2

50mH(0.15pu)
1.1Q(0.01pu)

Transformer inductance 50mH(0.15pu)

Sampling frequency 10kHz
DC line length 60km

DC line inductance 0.2285mH/km
DC line resistance 0.0142Q/km

DC line capacitance 0.1983uF/km

v, IV

iabc/ A

0.54 0.5 056 0.57 0.58 059 0.6
(©)

Fig. 8. Steady-state simulation results of MMC2 with conventional

control strategy.
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TABLE 11
FOURIER ANALYSIS RESULTS OF SIMULATION WAVEFORMS
i ige
OHz 100Hz 50Hz 100Hz
Fig. 7 0.68% 0.34% 6.9% 0.58%
Fig. 8 0.71% 0.56% 6.9% 0.58%
0.03% 0.03% 0.04% 0.03%

~, 1000k - £ - “pa- .-/
500,

0
-500] ;
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0.57 0.58 0.59 0.6
(d)
Fig. 9. Steady-state simulation results of MMC1 with enhanced

control strategy.
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Fig. 10. Steady-state simulation results of MMC2 with enhanced

control strategy.

i i
0.54 0.55 0.56
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(d)
Fig. 11. Dynamic simulation results of MMC1 with enhanced
control strategy.

adopting the enhanced control strategy are shown in Figs. 9
and 10, respectively. The capacitor voltages are well-balanced
among the arms in the two converters. The Fourier analysis
results of the ac and dc sides are shown in Table II. When the
enhanced control strategy is adopted, the dc component of the
ac side of MMCI1 is reduced from 0.68% to 0.03%, the
double frequency component of the ac side of MMCI is
reduced from 0.34% to 0.03%, the fundamental frequency
oscillation of the dc side is reduced from 6.9% to 0.04%, the
dc component of the ac side of MMC?2 is reduced from 0.71%
to 0.03%, and the double frequency component of the ac side
of MMC2 is reduced from 0.56% to 0.03%. The simulation
results verify the effectiveness of the proposed enhanced
control strategy.

Figs. 11 and 12 present the dynamic results of MMC1 and
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Fig. 12. Dynamic simulation results of MMC2 with enhanced
control strategy.

MMC?2 using the enhanced control strategy. The active power
is increased from 800 MW to 1000 MW at # = 0.6 s. The ac
side, dc side, and capacitor voltages in the two converters can
rapidly enter the new steady state, and the ac side control, dc
side control, and capacitor voltage balance control among the
arms are decoupled from one another. This result verifies the
good dynamic performance of the enhanced control strategy.

V. EXPERIMENTAL VERIFICATION

A downscaled three-phase MMC prototype is built in the
laboratory to verify the effectiveness of the proposed enhanced
control strategy. The photograph of the prototype is shown in

Fig. 13, and the main circuit parameters are listed in Table III.

In the experiment, the MMC operates in a fixed active power
control mode. The dc bus of the converter is connected to a dc
programmable power supply, and the ac side of the converter is
connected to the ac power grid through the transformer. In
addition, four additional SMs in the bypass state are connected
in series to the upper arm of phase a, upper arm of phase b,
and lower arm of phase ¢ to simulate the asymmetric arm
resistance condition because the arm resistance of the
prototype is difficult to be accurately quantified.

The steady-state experimental results of the MMC with
asymmetric arm impedance adopting the conventional control
strategy are shown in Fig. 14. The capacitor voltage imbalance
occurs in the upper and lower arms of phase a. The data stored
in the controller are transferred to the host computer
(LabVIEW) through the Ethernet and are imported in
MATLAB for Fourier analysis. The analysis results are shown
in Table IV. The ac side contains the dc and double frequency

Main controller
(ARM+DSP6000+FPGA)

Sub-controller

y

SM

Sub-controller capacitor

(FPGA)

Gate
drives

Arm
inductor

TABLE III

DOWNSCALED PROTOTYPE PARAMETERS
Parameter Value
Rated active power 4.5kW
DC-link voltage 300V
AC rated rms voltage 380/120V
Grid frequency 50Hz
Numbers of SMs per arm 6
SM capacitance 9mF
Ly 3.3mH
Ly, 2.8mH
Ly 3.1mH
Ly 2.8mH
Lye 2.9mH
Ly 3.1ImH
Sampling frequency 6kHz

components, and a fundamental frequency oscillation occurs in
the dc side.

The steady-state experimental results of the MMC with
asymmetric arm impedance using the enhanced control strategy
are shown in Fig. 15. The capacitor voltages are well-balanced
in the upper and lower arms of phase a. The Fourier analysis
results of the current waveforms are shown in Table IV. When
the enhanced control strategy is adopted, the dc component of
the ac side is reduced from 0.92% to 0.03%, the double
frequency component of the ac side is reduced from 0.61% to
0.04%, and the fundamental frequency oscillation of the dc
side is reduced from 8.5% to 0.06%. Hence, the effectiveness
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Fig. 14. Steady-state experimental waveforms of the MMC with
conventional control strategy.

of the proposed enhanced control strategy is confirmed by the
experimental results.

TABLE 1V
FOURIER ANALYSIS RESULTS OF EXPERIMENTAL WAVEFORMS

ia idc

0 Hz 100 Hz 50 Hz 100 Hz
Fig. 14 0.92% 0.61% 8.5% 0.6%
Fig. 15 0.03% 0.04% 0.06% 0.03%

Venal  Vena2

VeV (10V/div)
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Fig. 15. Steady-state experimental waveforms of the MMC with
enhanced control strategy.
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Fig. 16 presents the dynamic results of the MMC with
asymmetric arm impedance under the enhanced control
strategy. The active power is changed from 3.6 kW to 4.5 kW
at 1y; the ac side, dc side, and capacitor voltages can rapidly
enter the new steady state; and the ac side control, dc side
control, and capacitor voltage balance control among the
arms are decoupled from one another. This result shows the
good dynamic performance of the proposed enhanced control
strategy.
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Fig. 16. Dynamic experimental waveforms of the MMC with
enhanced control strategy.

VI. CONCLUSIONS

In this study, a mathematical model of an MMC with
asymmetric arm impedance is established. The causes of the
abnormal phenomena are analyzed on the basis of this model.
An enhanced control strategy is proposed to eliminate the
fundamental frequency oscillations in the dc side and the dc
and double frequency components in the ac side current. Such
strategy is also used to balance the capacitor voltages among

Journal of Power Electronics, Vol. 18, No. 6, November 2018

the arms with high efficiency. With the proposed enhanced
control strategy, the MMC with asymmetric arm impedance
for HVDC applications can achieve superior dynamic
performance. The simulation and experimental results verify
the accuracy of the theoretical analysis and the effectiveness
of the proposed enhanced control strategy.

APPENDIX

The arm reference voltages can be expressed as

{um’q = Uy F U T Uiy (A1)

Upjrep = U jrer + Ugrer + Ucijrer
where 4, Ugeres and Uges (j = a, b, ¢) are the reference
voltages generated by the ac side controller, dc side controller,
and circulating current controller, respectively. u,,.; and ..,
are the reference voltages of the upper and lower arms in
phase-j, respectively.

Hence, Equation (A1) can be rewritten as a matrix form,

which is expressed as

— - — - uaref
Uy | [-1 0 0 11 0 0 ‘
’ ubref
Uy | |10 0 11 0 0f
Uppey | 0O -1 0 1 01 O umf (A2)
Uy | 1O 1 0 101 0 u"“’“f
Uy | 10 0 -1 10 0 1 u"”“’“f
T 00 1 1001 ™™
- B - ~ ucircref
A L 7
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