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Abstract—This paper investigates the contents of submodule
voltage ripples, circulating currents, and internal converter
voltage in modular multilevel converters (MMCs) theoretically.
The operation of MMCs is studied under asymmetry of the upper
and lower arm, as well as the unbalanced ac system. In three-phase
MMCs, the analysis shows that the second harmonic circulating
currents will be asymmetric under an unbalanced ac system and
can be decomposed into positive-, negative- and zero-sequence
parts. The positive- and negative-sequence components affect
neither the ac side nor the dc side of MMCs while the zero-se-
quence components will flow into the dc side, aggravating the
power fluctuations of the dc side. In order to solve this problem,
a new controller based on the instantaneous power theory and
proportional-resonant scheme is designed. Simulations with a
detailed switching model on the PSCAD/EMTDC platform verify
the theoretical analysis, and demonstrate that the proposed con-
troller eliminates the active power fluctuations and suppresses the
harmonic circulating currents as well.

Index Terms—Circulating current, instantaneous power theory,
modular multilevel converters (MMCs), resonant frequency,
stationary frame, submodule voltage ripple, unbalanced ac
system.

I. INTRODUCTION

M ODULAR multilevel converters (MMCs) have become
increasingly attractive in high-voltage (HV) applica-

tions, since they have many advantages over the traditional
two-level or three-level voltage-sourced converters (VSCs)
[1]–[4].
MMC was first introduced in [5]. Its structure and operation

principle were studied in [1]–[4]. The pulsewidth modulation
(PWM) and nearest level modulation (NLM) were investigated
in [6]–[9]. It was shown in [10]–[12] that harmonic circulating
currents exist in MMCs. In [13], the dynamic model of MMCs
was derived. In [14], the circulating current was studied thor-
oughly and the resonance phenomenon existing in MMCs was
verified. However, the research in [10]–[14] is under a balanced
ac system. In case of an unbalanced ac system, new problems
will occur and the control strategy proposed in previous research
may not function properly. A back-to-back MMC-HVDC was
studied in [15], where the external characteristic was focused on
while the internal characteristic was not mentioned. Reference
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[16] developed an extended MMC-based static var compen-
sator, but the MMC-based inverter or HVDC was not studied.
In [17], a new method based on the resonant PI controller was
proposed to eliminate the dc power ripple, but its design is a
little complex.
Various control strategies of VSCs in case of an unbalanced

ac system have been studied and the proportional resonant
scheme is one of them [18]–[21], which is able to provide
tracking with zero steady-state error at a certain frequency.
Overall, there are mainly two control objectives about the VSCs
under an unbalanced ac system. One is to keep the ac currents
balanced (or suppress the negative-sequence ac current), the
other is to keep the active power constant (or keep the dc
voltage constant) [22]. In HVDC applications, the latter one is
more important, especially in the back-to-back HVDC system.
This paper is outlined as follows. The operation principle of

MMCs is introduced in Section II. Then, the SM voltage ripples,
internal converter voltage, and circulating current are studied
in Section III, where there is further discussion about unbal-
anced conditions. Finally, in Section IV, a new controller in the
stationary frame is proposed, which suppresses the ac-side ac-
tive power fluctuations. Meanwhile, it suppresses the dc-side
power ripples by means of the cancellation of the zero-sequence
second harmonic circulating current.

II. MAIN CIRCUIT CONFIGURATION AND OPERATION
PRINCIPLE OF MMCS

For three-phase MMCs, there are six arms typically. Each
arm includes series-connected, identical half-bridge SMs,
and one arm inductor . In this section, a single-phaseMMC is
used to describe the operation principle of MMCs, as shown in
Fig. 1, where the cascaded SMs per arm are represented by con-
trollable voltage sources. The symbols are defined as follows.

equivalent arm resistance and arm inductance;

equivalent resistance and inductance at the ac
side;

upper arm voltage and lower arm voltage;

arm current of the upper and lower arm;

ac bus voltage and ac current;

ac terminal voltage of MMCs;

internal converter voltage of MMCs;

unbalanced voltage;

pole-to-pole dc-bus voltage;

circulating current.

0885-8977 © 2013 IEEE
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Fig. 1. Equivalent circuit of single-phase MMCs.

Subscript and stand for the upper and lower arm, respec-
tively, hereinafter. According to Fig. 1(a), MMCs can be de-
scribed by

(1)

(2)

where

(3)

(4)

(5)

Equations (1) and (2) represent the ac loop and the dc loop
of MMCs, respectively. Fig. 1(a) and (b) is the equivalent cir-
cuit diagrams of the ac loop and the dc loop, respectively. For
the sake of reduced complexity of the system model, the dc-bus
voltage is considered as a constant variable, represented by .
It is found in (1) that can be used to regulate the ac current
injected to the ac system directly, which means that the ac-
tive and reactive power exchanged between the MMCs and ac
system can be controlled by . After considering (3) and (5),
the arm voltage references can be given as

(6a)

(6b)

By replacing (6) into (1) and (2), it is noted that in (6)
has no influence on the ac loop, but the dc loop will be affected
significantly, which makes it possible that can be used to
improve the internal performance of MMCs, such as [10] and
[12].
PWM and NLM are two basic modulation schemes applied to

MMCs. The NLM is characterized for its low switching losses
and convenient realization. Besides, the straightforward voltage
balancing method can be implemented together with it without
adding the extra controller to balance the SM voltages. Thus, in
this paper, the NLM is used [9].

III. ANALYSIS OF THE MMCS

A. Analysis of Single-Phase MMCs Under Balanced Condition

The internal converter voltage and ac current are given
as

(7)

(8)

where and are their amplitudes respectively; is the fun-
damental frequency; is the power factor angle.
The arm currents of MMCs are assumed to be composed of a

pure dc component and half of the ac current, shown as

(9a)

(9b)

where is the dc component in dc current. In the three-phase
MMCs, will be one third of the total dc current at the dc side
under balanced conditions. It is noting that the assumption in (9)
can be achieved by applying a strategy like the CCSC in [12].
If this strategy is adopted, the arm voltage references will have
the same form as (6) and in this case, the unbalance voltage is
usually much smaller than [12]. Therefore, for simplified
analysis below, is neglected. Modulation indexes of the
upper and lower arm can be expressed as

(10a)

(10b)

where is the modulation ratio , defined as

(11)

All of the SM voltages within one arm can be considered to be
equal because of the SM voltage balancing method. Therefore,
SM voltages of the upper and lower arm can be expressed as

(12a)

(12b)

where is the SM capacitance. By substituting (9) and (10) into
(12), the derivative of (12) is obtained shown as

(13a)

(13b)
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In steady state, the SM voltages of MMCs should be stable.
Therefore, the dc component in (13) must be zero, which means
the following constraint must be satisfied:

(14)

In (13), the fundamental frequency ripples between the upper
arm and the lower arm have the opposite phase angle, whereas
the double line-frequency ripples between them have the same
phase angle. So it is reasonable to express the SM voltages as

(15a)

(15b)

where is the rated SM operating voltage; and are the
ripple ranges; and and are the initial angles. By substi-
tuting (15) into (13), and can be figured out, shown as

(16)

(17)

where is the apparent power, is the SM number per arm,
and . In (16), is relevant to the apparent power,
modulation ratio, and power factor, and it will peak at the min-
imum power factor.
In fact, if no measures are taken to suppress the harmonic cir-

culating currents, the arm currents will be more complex than
(9). It can be concluded from [14] that there are only even har-
monic circulating currents under balanced conditions. So the
circulating current can be expressed as ( is even)

(18)

where and are the amplitude and initial angle of the
th order harmonic. According to [14], the second harmonic in
(18) is dominating. So it is reasonable to neglect the higher order
ones. Then, the arm currents can be expressed as

(19a)

(19b)

According to [14], can be calculated by

(20)

It is interesting that a resonant point exists in (20), and the
resonant frequency is

(21)

When will reach its maximum value. In order
to avoid the resonant point thoroughly, the maximum value of
must be smaller than . Therefore, the following constraint

should be satisfied:

(22)

The arm voltages of MMCs can be expressed as

(23a)

(23b)

By substituting (12), (19), and (23) into (3), the internal con-
verter voltage can be calculated, shown as

(24)

Equation (24) indicates that the 3rd harmonic in is affected
by the ac current and the 2nd harmonic circulating cur-
rent . However, the latter one plays a major role (seen in
the Appendix). By neglecting , the amplitude of the 3rd har-
monic can be figured out approximately, shown as

(25)

B. Analysis of Single-Phase MMCs Under Asymmetry of
Upper and Lower Arms

The analysis from before is based on the fact that the ac cur-
rent is split up equally between the upper and lower arm. If the
upper arm and lower arm are asymmetric, such as the asym-
metric arm impedance, uneven distribution of the ac current oc-
curs. In this case, the fundamental frequency component in the
arm current can be decomposed into half of the ac current and
the so-called fundamental frequency circulating current. So the
arm currents can be expressed as

(26a)

(26b)

where and are the amplitude and initial angle of the
fundamental frequency circulating current.
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By substituting (26) into (13), the SM voltage ripples can be
obtained. Similar to (14), the dc component must be zero, so the
following equations are derived:

(27a)

(27b)

Substituting (27a) into (27b) yields

(28)

When the upper arm and lower arm are symmetric, is
zero. If not, will not be zero and must be zero
to fulfill (28). So is equal to 90 or 90 . Combining (6)
and (26), the energy stored in the upper and lower arm can be
expressed as

(29a)

(29b)

To study the impact of fundamental frequency circulating cur-
rent on the operation of MMCs, the term about and the funda-
mental frequency circulating current are discussed. Therefore,
the following equations are obtained:

(30a)

(30b)

In (30), it is seen that the fundamental frequency circulating
current imposes energy transfer between the upper and lower
arm. However, their total energy remains unaffected. When

is equal to 90 , the average energy in the upper arm is
more. By contrast, when is equal to 90 , the average
energy in the lower arm is more.

C. Discussion in Case of Three-Phase MMCs

The analysis of Sections III-A and B is also applicable to the
three-phase MMCs, of which the dc current is nearly a pure
dc component and is split up equally among the three-phase
units in case of balanced conditions. According to (20), it is ob-
vious that the 2nd harmonic circulating currents are balanced
in case of balanced conditions, and in the form of negative se-
quence. They can be transformed to two dc components by the
double-line frequency, negative-sequence rotational frame, and
then suppressed by proportional-integral controllers [12]. How-
ever, under the unbalanced ac system, the second harmonic cir-
culating currents will be unbalanced. They can be decomposed
into the positive-, negative- and zero-sequence components. It
should be noted that the positive- and negative-sequence com-
ponents just flow among the three-phase units, without affecting

the ac side and dc side, whereas the zero-sequence components
will flow into the dc side, aggravating the power fluctuation at
the dc side. In this case, the controller designed in [12] will not
work well since it only considers the negative-sequence compo-
nents. The controllers in [11] and [13] have the potential to sup-
press the second harmonic circulating currents under a balanced
and unbalanced ac system, because they regulate the circulating
current of each phase unit separately. The experimental results
show good performance under balanced conditions, but no re-
sults under unbalanced conditions are presented in their works.
In addition, too much computation for estimating the SM volt-
ages is required in their controllers. Unlike [11]–[13], this paper
proposes a new control scheme in the stationary frame, which
works well under the balanced and unbalanced ac system.

IV. PROPOSED CONTROL STRATEGY OF MMCS

A. Control Strategy of the AC Loop

Based on the instantaneous power theory [23] and Park’s
transformation, the instantaneous active power delivered to the
ac terminals of MMCs can be derived as

(31)

where

(32a)

(32b)

(32c)

The instantaneous active power and reactive power input into
MMCs from the ac system are expressed as, respectively

(33)

(34)

where

(35a)

(35b)

(35c)

(35d)

(35e)

(35f)

In (31)–(35), and are the positive- and
negative-sequence components of the ac terminal voltages.

and are the positive- and negative-sequence
components of the ac bus voltages. and are

the positive- and negative-sequence components of the ac
currents.
To keep the instantaneous active power at the ac terminals

constant, the following constraint should be satisfied:

(36a)

(36b)
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Fig. 2. Current controller of the ac loop based on the PR scheme.

Besides, another independent equation should be added to
determine the reference value of and , shown as

(37)

Substituting (36) and (37) into (32) and (35d) yields

(38)

where

According to (1), the mathematical model of the ac loop of a
three-phase MMC in a stationary frame is expressed as

(39)

where

To control the MMCs in the stationary frame, a controller
based on the PR scheme is designed, as shown in Fig. 2. The pro-

posed controller regulates the overall current including the pos-
itive- and negative-sequence components. The reference values
obtained by (38) must be transformed into the stationary
frame.
According to Fig. 2, the closed-loop transfer function is

(40)

Substituting into (40) yields

(41)

Equation (41) shows that the PR scheme can realize tracking
with zero steady-state error when the current reference is a si-
nusoidal signal with frequency .

B. Control Strategy of the DC Loop

According to the analysis in Section III-C, the circulating cur-
rents in each phase unit under the unbalanced ac system can be
expressed as

(42a)

(42b)

(42c)

where is the total dc current at the dc side; and
are the amplitudes of positive-, negative- and zero-sequence

circulating currents; , and are the initial phase
angles.
According to (2), the mathematical model of the dc loop of a

three-phase MMC in the stationary frame is expressed as

(43)

where

(44a)

(44b)

(44c)

Similar to the control strategy of the ac loop, the control
scheme of and can be designed, as shown in Fig. 3.
The reference value is set to zero in order to suppress the posi-
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Fig. 3. Schematic diagram of and .

Fig. 4. Control scheme of the zero axis of the dc loop.

Fig. 5. Proposed overall control structure of MMCs .

tive- and negative-sequence, 2nd harmonic circulating currents.
Similar to (41), the PR controller in Fig. 3 can realize tracking
with zero steady-state error when the current reference is a sinu-
soidal signal with frequency . Equation (44c) shows that
contains the 2nd harmonic component. In order to suppress it,
the controller is designed as Fig. 4, where HPF is the high-pass
filter, whose function is to extract the fluctuation of .
The overall control structure is shown in Fig. 5, where the

phase-locked loop (PLL) is to track the positive-sequence ac
bus voltages, and the sequential component decomposer is to
extract the positive- and negative- sequence components in

Fig. 6. Structure of the simulated model.

TABLE I
MAIN CIRCUIT PARAMETERS

and . NLM is the trigger module, responsible for triggering
the SMs as well as balancing the SM voltages.
It should be noted that the controllers of the ac loop and

dc loop are parallel. The dc-loop controller’s output is much
smaller than that of the ac loop. In order to suppress the second
harmonic circulating currents, the total number of SMs inserted
in each phase unit may vary. According to (6), is

(45)

Since is not zero anymore, will vary, with its max-
imum value larger than . When is very close to 1, the max-
imum expected number of inserted SMs in one arm may exceed
the available number of SMs per arm. Therefore, there must be
a few redundant SMs that exist per arm. If there are no redun-
dant SMs or not enough, overmodulation occurs. In this paper,
enough SMs are used to avoid overmodulation.
It can be inferred that the PR scheme depends on the fre-

quency . In case it varies, the proposed controller’s function-
ality may be affected. One solution of this problem is to add
a component with a cutoff frequency to the R part [24]. This
method reduces the sensitivity of the PR scheme toward fre-
quency variation, widening the controller’s bandwidth essen-
tially, but at expense of the controller’s dynamic performance.
Another solution is to make the resonant frequency of the PR
scheme adaptive to the frequency variation of the AC system
by replacing with the frequency obtained from PLL. In this
paper, the later one is used.

V. SIMULATION

In order to verify the analysis in Section III and the controller
proposed in Section IV, a three-phase-MMC simulation model
with 80 SMs per arm is established. The model is a detailed
switchingmodel, and is built on the PSCAD/EMTDC. Themain
structure of the simulation model is shown in Fig. 6. Its main
circuit parameters are listed in Table I.
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Fig. 7. Relationship between the fundamental frequency ripple and SM capac-
itance.

Fig. 8. Relationship between the double line-frequency ripple and SM capaci-
tance.

Fig. 9. . Relationship between the peak value of the second harmonic circu-
lating current and SM capacitance.

Figs. 7 and 8 show the relationship between fundamental fre-
quency, double line-frequency SM voltage ripples, and the SM
capacitance, respectively, where 30 MVA and 1.
The harmonic circulating currents are suppressed so that the arm
currents only contain a dc component and half of the ac current.
It is shown that the calculation results by (16) and (17) agree
with the simulation results very well. This gives a proof to de-
termine the size of SM capacitance.
Fig. 9 shows the relationship between the amplitude of the

2nd harmonic circulating current and the SM capacitance when
30 MVA and 1. It is found that the trends of the

simulation result and the calculation result by (20) agree with
each other very well. The error is mainly due to the neglect of
the higher order harmonic circulating currents. This indicates
that (20) can be used to calculate the 2nd harmonic circulating
current approximately. The maximum amplitude of the 2nd har-
monic circulating current occurs when the SM capacitance is
about 0.01 F. According to (21), the SM capacitance is about
0.0105 F when the resonant frequency is equal to (
in the simulation model). This demonstrates that the amplitude
of the second harmonic circulating current reaches its maximum
value when the resonant frequency is equal to .
Fig. 10 shows the relationship between the SM capacitance

and the amplitude of the 3rd harmonic in the internal converter
voltage. The simulation result and the calculation result agree
with each other very well. This demonstrates that (25) can gen-
erally describe the relationship between the third harmonic in

Fig. 10. . Relationship between the peak value of the third harmonic in the
internal converter voltage and SM capacitance.

Fig. 11. Simulation results under asymmetry of the upper and lower arm. (a)
Waveforms when the equivalent arm resistances of the upper and lower arms
are 1.6 and 0.8 . (b) Waveforms when the equivalent arm resistances of the
upper and lower arms are 0.8 and 1.6 .

the internal converter voltage and the second harmonic circu-
lating current.
Fig. 11 shows the simulation results with asymmetric arm

impedance between the upper and lower arm. The upper chart
shows the generalized waveforms of the fundamental frequency
circulating current and the internal converter voltage (emf) of
phase A. When the waveform of the fundamental frequency cir-
culating current lags 90 than that of the emf [Fig. 11(a)], the
average SM voltage of the lower arm is larger. When the wave-
form of the fundamental frequency circulating current leads 90
than that of the emf [Fig. 11(b)], the average SM voltage of the
upper arm is larger.
In order to verify the control scheme proposed in Section IV,

three cases are studied.
1) Active/Reactive Power Control Under Balanced AC

System Operation: Initially, the active power and reactive
power are set to 0. The active power is step changed at 0.4
s, from 0 to 30 MW. The reactive power is step changed at

0.5 s, from 0 to 10 Mvar. Then, at 0.6 s, the active
power flow reversal occurs from 30 to 30 MW within 12.5
ms. The simulation results are shown in Fig. 12.
The active power and reactive power are shown in Fig. 12(a).

It can be seen that and are almost zero during steady
state. Meanwhile, the active power and the reactive power

are regulated to their reference value. This indicates that
the active power exchanged between the ac side and dc side is
generally constant. In Fig. 12(b) and (c), there are no notice-
able changes in the output voltages (the ac terminal voltages),
whereas the output currents are affected more or less during the
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Fig. 12. Simulation results under the balanced ac system. (a) Active and re-
active power at the ac terminal. (b) Output voltages. (c) Output currents. (d)
Average SM voltages in upper and lower arms of phase A. (e) Circulating cur-
rents. (f) DC current.

transients. Fig. 12(d) shows that the average SM voltages of the
upper and lower arms of phase A vary within 5% of the ratings.
The 2nd harmonic circulating current is suppressed very well
during the transients and steady state, as shown in Fig. 12(e).
2) Single-Phase-to-Ground Fault Operation: The MMC op-

erates at 30 MW active power and 10 Mvar reactive power.
The controller in Fig. 3 is enabled at 0.45 s. The phase A to
ground fault is imposed at 0.5 s, lasting for 0.2 s. The con-
troller in Fig. 4 is enabled at 0.55 s. The simulation results
are shown in Fig. 13.
It is shown in Fig. 13(a) that and are almost zero

during the normal and fault period.Meanwhile, the active power
and the reactive power are regulated to their reference

value. The output voltages and output currents are observed in
Fig. 13(b) and (c). For the sake of keeping the instantaneous ac-
tive power at the ac side constant, the output voltages and output
currents become unbalanced during the fault period. Fig. 13(d)
shows the SM voltages of phase unit A. The circulating currents
and dc current are shown in Fig. 13(e) and (f), respectively.
It is seen that before 0.45 s, the second harmonic circu-

lating currents are significant. However, the dc current is nearly
a pure dc component. Meanwhile, the SM voltage ripples are
complex. The second harmonic circulating currents are quickly
suppressed to a low level with the controller in Fig. 3 enabled
at 0.45 s. The amplitude of the SM voltage ripples also
becomes smaller. At 0.5 s, the phase-A-to-ground fault is
imposed. The second harmonic, zero-sequence circulating cur-
rents appear, which makes the dc current also contain fluctua-
tions with double line-frequency, aggravating the power fluctu-

Fig. 13. Simulation results under the unbalanced ac system. (a) Active and
reactive power at the ac terminal. (b) Output voltages. (c) Output currents. (d)
Average SM voltages in the upper and lower arms of phase A. (e) Circulating
currents. (f) DC current.

Fig. 14. Active power and reactive power flow in case of frequency variation.
(a) Response of the PLL to frequency’s step change. (b) Active power. (c) Re-
active power.

ation at the dc side. At 0.55 s, the controller designed in
Fig. 4 is enabled, and it quickly works. The fluctuation in dc
current is suppressed significantly.
3) Response to Frequency Variation of AC SystemOperation:

The MMC operates at 30-MW active power and 10-Mvar
reactive power. The frequency of the ac system is step changed
at 0.4 s from 50 to 52 Hz, and back to 50 Hz at 0.6 s.
Two contrary simulations are made to investigate the influence
of frequency variation on the PR scheme. One is to keep the
resonant frequency constant, equal to 50 Hz. The other one is to
keep the resonant frequency adaptive to the frequency obtained
from PLL. The simulation results are shown in Fig. 14.
Fig. 14(a) shows the response of the PLL to the frequency’s

step change, where is the reference value and is the
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Fig. 15. Typical relationship between the SM capacitance and .

output of the PLL. In Fig. 14(b) and (c), the active power and
reactive power are shown, where and have constant
frequency whereas and have variable frequency. It is
seen that with the constant frequency, the PR scheme commits a
steady-state error when the frequency of the ac system deviates
from 50 Hz. However, it works well if the resonant frequency
is replaced by the PLL’s output frequency.

VI. CONCLUSION

The fundamental frequency component of the SM voltage
peaks at theminimum power factor, whereas the double line-fre-
quency component is only related to the apparent power. There-
fore, the SM capacitance should be determined when MMCs
operate with full power and minimum power factor.
The fundamental frequency circulating current causes energy

transfer between the upper and lower arm. The second harmonic
circulating current peaks when LC resonance occurs. The third
harmonic in the internal converter voltage is closely related to
the second harmonic circulating current.
The harmonic circulating currents increase the arm current

rms and aggravate the SM voltage ripples. A large is helpful
to suppress the harmonic circulating currents, but this is costly.
The CCSC can help to suppress the harmonic circulating cur-
rents, and decrease the size of the arm inductance. In case of
the unbalanced ac system, the second harmonic, zero-sequence
circulating currents flow into the dc side, aggravating the power
fluctuation of the dc side. The proposed controller works well
under a balanced and unbalanced ac system, even if the fre-
quency of the ac system varies.

APPENDIX

It is reasonable to neglect the equivalent arm resistance when
the resonant frequency in (21) is far away from . Therefore,
by substituting (14) into (21), can be approximately ob-
tained as

(46)

With the SM capacitance varying from zero to infinity,
will increase to its maximum value first and then de-
crease to zero gradually. The typical relationship between and

is shown in Fig. 15, with a fixed . When
will reach its maximum value. A large leads to a small ,
and is helpful to avoid the resonant phenomenon, and to lower

, but it is costly. In this paper, a reasonable is used to
make large enough. Only the interval is discussed.
Therefore, the minimum value of can be calculated by

(47)

where

(48)

By substituting (47) into (24), the 3rd harmonic of is

(49)

Normally, is close to 1. Therefore, can be calculated
approximately as

(50)

By substituting (50) into (49), the amplitude of the first term
in (49) will be larger than that of the second term. If the resonant
frequency is around , the first term will be dominating.
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