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Abstract: Modular multilevel converters (MMCs) are quickly emerging as a suitable technology for a
voltage-source converter-based high-voltage direct-current (VSC-HVDC) transmission systems due to
its numerous advantages as reported in literature. However, for a large DC-network, MMCs require
large numbers of sub-modules (SMs) and switches, which makes its modeling very challenging
and computationally complex using electromagnetic transient (EMT) programs. Average Value
Model (AVM) provides a relatively better solution to model MMCs by combining cells as an arm
equivalent circuit. Circulating current is an important issue related to the performance and stability
of MMCs. Due to circulating currents, power loss in a converter increases as root mean square
(RMS) values of the arm current increases. The traditional method for inserting SMs in each arm
is based on direct modulation, which does not compensate for the arm voltage oscillations, and
generates circulating current in each leg of a three-phase MMC. This paper presents a new method
for reducing the circulating current by adding 2nd and 4th harmonics in the upper and lower
arm currents of an MMC. Less capacitor energy variations are obtained by the proposed method
compared to traditional direct modulation methods. The proposed method is tested on a common
symmetrical monopole (point-to-point) MMC-HVDC system using vector current control strategy
in PSCAD/EMTDC software. Analytical and simulation results show the effectiveness of the new
method in minimizing the circulating current and arm voltage oscillation reductions as compared to
the direct modulation approach.

Keywords: average-value model; electromagnetic-transient (EMT) program; HVDC transmission;
modular multilevel converter; voltage-source converter (VSC)

1. Introduction

Among the voltage-source-power converters (VSCs), the modular multilevel converter (MMC)
is emerging as a potential candidate for high voltage DC transmission systems [1]. It offers several
advantages, such as the absence of large power supplies at each module, lower harmonics, less
switching losses, modular structure, and scalable output voltage [2]. However, the working principle
of MMC is different from other VSC (two levels and three levels converters) as it is based on the
physical insertion and bypassing of its sub-modules (SMs) in a discrete pattern, making its control
mechanism and overall structure complex [3]. Electromagnetic Transients Program (EMTP)-type
programs, like PSCAD/EMTDC, are normally applied to study the dynamics of such a complex power
converter system [4].

MMCs introduce a big challenge for its modeling in electromagnetic transient (EMT) simulation
programs due to the increased number of switches and modules. The complete details about the
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different versions of MMC models are available in Reference [5]. To model switch behavior, the total
number of nodes in a network representing an admittance matrix must be re-triangulated during
switching operation [6].

In detailed models (DMs), thousands of semiconductor switches are accurately modeled to
study the dynamics of MMC-based high-voltage direct-current (HVDC) systems, but computational
burden becomes very high. The simplified models, or average-value models (AVMs), have been
used to overcome this problem, but they did not reflect the actual dynamics, as switch functions are
simplified using controlled voltage and current sources [7]. AVMs also neglect switching details and
make system dynamics approximate, leading to fast computation speeds [8].To study slow dynamics
of large systems like DC grids, the AVM-based models are more computer-efficient than detailed
MMC models [9]. Details of the different types of models are already explained in Reference [10]
and can be classified as (1) detailed model; (2) arm equivalent circuit (The venin equivalent) model;
(3) arm switch model; and (4) average model. A comprehensive review of these models for EMT-type
studies is reported in Reference [11], focusing on transient conditions. Different methods of MMC
control and its application are highlighted in Reference [12] without considering modeling techniques.
Implementing detailed models is unrealistic for EMT-type computer simulation programs due to
the computational complexity. The arm/the venin’s equivalent model is computer-efficient but less
accurate. The arm switch and average models are computer-efficient but cannot be used for the
balancing control of sub-module capacitors (SMs). The continuous model of MMC is developed
in Reference [13], which is based on the equivalent branch model of an arm comprising resistance,
inductance, and an ideal voltage source. The stability analysis framework of continuous model is
discussed in Reference [14]. In Reference [15], interaction between arm current and capacitor voltages
are documented using the direct modulation approach. The drawback of this approach is the presence
of a circulating current inside the arm current, since it assumes average SM capacitor voltage, which
results in arm voltage oscillations and circulating current generation inside MMCs. A compensated
modulation technique is used to eliminate the circulating current by considering the voltage ripple
estimation that will compensate arm voltage oscillations based on the measurement of amplitude
and phase of the output current [16]. In Reference [17], the analytical expressions for circular current
interaction with arm voltage and arm current of MMCs was developed. The grid-side AC current
and circulating current is controlled separately using proportional resonant (PR)and proportional
(P) or gain controllers, which ultimately minimizes SM capacitance fluctuations as proposed in
Reference [18]. The important tasks for the operation of MMCs is to control output voltages and
currents while keeping balance between SM capacitor voltages and the control of circulating currents.
The circulating current can influence the proper functioning of converters by increasing its overall
ratings and power losses. The advantages of circulating current elimination or minimization is already
discussed in References [19,20]. The double-carrier phase disposition pulse width modulation (PWM)
technique is discussed in Reference [21], which eliminates the AC component of the circulating current
using a high pass filter and differential current control using a proportional integral (PI) controller
to minimize power losses at the cost of capacitor voltage ripple. A plug-in repetitive controller was
implemented in Reference [22], which also reduces circulating current by eliminating lower order
harmonics. To regulate AC side currents and eliminate circulating currents from arm currents, two
separate controllers are normally adopted in MMC-HVDC systems; however, three separate current
controllers are proposed in Reference [23] to control arm currents without implementing an AC side
controller. To reduce converter losses, higher order harmonics can be eliminated from the circulating
current but increases voltage ripples in SM capacitors; whereas injecting harmonics in circulating
currents reduces cell capacitance, as proposed in Reference [24], but increases RMS values of arm
currents. In Reference [25], SM capacitor voltage ripple is minimized by adding higher order harmonics
inside the circulating current at the cost of increasing the RMS value of arm currents. It is evident that
existing circulating current control methods can be divided in two groups: (1) elimination of higher
order harmonics, which in turn increases SM capacitor voltage ripples but reduce the RMS value of
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arm currents; and (2) injecting higher order harmonics inside circulating currents reduces the capacitor
voltage ripple but increases the RMS value of the arm current unless circulating current injection ratio
is calculated accurately, further increasing the burden on the system [26].

The objective of this research work is to implement an MMC-HVDC system based on the average
model developed in References [13,14]. It is a nonlinear average model, which can capture circulating
current phenomena by inserting SMs in a continuous manner. It can also be used as a bench mark
circuit [27]; however, unlike Reference [14], which implements a circulating current suppression
controller to reduce differential current inside MMC, a new method is proposed for reducing the
circulating current. In this proposed method, a new technique is used for the addition of higher order
harmonics in the upper and lower arm currents in each leg of an MMC; which will lead to a decreased
inflow of excessive negative currents in a period. A reduced capacitor energy variation is obtained as
arm voltage oscillations is the sum of all the capacitor voltages, which ultimately reduces the flow of
the circulating current in each leg of a three-phase MMC. Furthermore, it will not affect the input and
output current waveforms of the MMCs. The direct and proposed methods were tested on a common
MMC-HVDC system using the PSCAD simulation program based on nonlinear AVM models.

To the best of the author’s knowledge, the key contributions are summarized as follows:

(1) The existing direct modulation technique generates sinusoidal arm currents that cause variations
in capacitor energy, leading to capacitor voltage fluctuations. In the past, different approaches
were adopted to minimize capacitor voltage fluctuations.

(2) In some papers, harmonics were injected inside the circulating current, which reduced voltage
fluctuations but led to increases in RMS values of arm currents, causing excessive power loss.

(3) In another approach, differential current controllers were used to control capacitor voltage
fluctuations, which increases the hardware burden on system as well as additional controller
specific adjustments.

(4) However, in this research work, a new method is proposed to minimize capacitor energy
variations by injecting even order harmonics to the upper and lower arm currents, which restricts
excessive negative currents in each arm of the MMC, leading to the presence of DC current
components. This also results in the reduction of circulating currents and RMS values of the
arm current inside each leg of the MMC, which is evident from analytical and simulation results
reported in this paper.

(5) The proposed method is implemented on a point-to-point MMC-HVDC test system based on a
non-linear AVM model using the vector current control method.

Section 2 describes the MMC-HVDC system topology and its operational principle, and Section 3
explains the control system design of the MMC-HVDC system. The development of the AVM model
is presented in Section 4. In Section 5, voltage references are derived based on direct and proposed
direct modulation methods along with the flow chart of the proposed method. Section 6 presents
analytical and simulations results by comparing capacitor energy variations using the traditional direct
modulation method and the effect of 2nd and 4th harmonics on capacitor energy variations, which
validates the accuracy of the proposed method. Finally, conclusions are drawn in Section 7.

2. MMC-HVDC System Structure

Figure 1a,b shows the single line diagram of the MMC-HVDC system and circuit diagram of a
three-phase MMC converter (double-star configuration) as proposed in Reference [28], respectively.
The HVDC system includes two MMCs working as a rectifier and inverter connected at each side of an
AC system through a three-phase transformer. The sub-modules (SMs), or cells, are used to develop a
half-bridge circuit. Each cell is made of a capacitor and two Insulated-gate bipolar transistors (IGBTs)
switches (T1, T2) connected in series. The cell output voltage (Vsm) is equal to the capacitor voltage (T1

on state) or zero (T1 off state) and is regulated by the controller. The switching states of the cells are
controlled so that at any instant, n cells out of 2n cells are on (nup in the upper arm and nlow = n− nup
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in the lower arm) in each phase. Each arm consists of n series of connected cells and an inductor
Larm in series, which is used to limit the fault current. Each leg comprises two arms, which can be
represented as a controllable voltage source, i.e., Vup and Vlow. The converter terminal voltage at the
AC side in phase a can be expressed as follows:

VC(a) =
nlow − nup

2n
Vdc (1)
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Figure 1. Modular multilevel converter-based high-voltage direct-current (MMC-HVDC) system:
(a) single line diagram; (b) circuit diagram; (c) AC side voltage.

As nup + nlow = 1 and nup, nlowε{0, 1 . . . n} based on Equation (1), VC(a) will change in discrete

steps from Vdc/2 to −Vdc/2 with a step size of Vdc
n . By using the capacitor voltage balancing technique,

the voltage of each cell is perfectly regulated at Vdc
n . The converter will generate an ideal (n + 1)
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level sinusoidal waveform for the AC side system with respect to the DC side midpoint as shown
in Figure 1c [29]. In hardware implementation, the capacitor voltages of SMs are measured using
large number of voltage sensors. It increases hardware complexity and also introduces errors in signal
measurements, which affects the sinusoidal ideal voltage waveform [30].

The converter voltage (Vup,low) in phase a can be described as follows:

(Vup,low(a)) = ∑N
n=1 SnVc (2)

where

Sn =

{
1, if nthcell is inserted

0, if nth cell is by passed

The switching signal (s) finds the converter arm voltage based on vre f
up,low for the corresponding

upper and lower arms. The dynamics of converter control include the grid side current (i1), output
converter voltage at the AC side (Vc), DC side current (Idc), and internal circulating current (icirc) [31].
Using Kirchhoff’s voltage law in converter phase a, the following expressions are derived:

Vdc
2
−Vup(a) − L

di1u
dt

= Vg (3)

− Vdc
2

+ Vlow(a) + L
di1l
dt

= Vg (4)

Adding Equations (3) and (4), the dynamics of the converter output current at AC side is given as:

L
2

di1
dt

= ea −Vg (5)

where ea =
Vup(a)−Vlow(a)

2 is the inner generated voltage in phase a, Vg is the grid side voltage, i1u, i1l
is the upper and lower arm currents, and L (L = Lt+Larm/2) is the equivalent inductance of the
transformer and converter arm. The AC side current in phase a can be expressed as:

i1 = i1u − i1l (6)

The differential current idi f f of the convertercan be defined as the current flowing through each
phase of the converter:

Larm
didiff a

dt
=

Vdc
2
−

Vup(a)+Vow(a)

2
(7)

where
idi f f a =

i1u + i1l
2

(8)

The differential current from Equation (8) consists of two current components:

idi f f =
idc
3

+ icir (9)

The voltage to control the circulating current can be derived as:

vcir = Vdc −
Vup(a) +Vow(a)

2
(10)

The upper and lower currents in each arm are equal to half of the phase current i1, one third of
DCcurrent idc, and the circulating current icir.

i1u =
i1
2
+

idc
3

+ icir (11)
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i1l = −
i1
2
+

idc
3

+ icir (12)

The currents (i1) and (icir) are controlled through voltages Vref
up(a) and Vref

cir , whereas converter SMs

are inserted according to references (Vref
up,low) during each time step.

3. MMC Control System

The MMC-HVDC control system comprises the following components:

1. System level (DC voltage control/active and reactive power);
2. Lower level control (circulating current control);
3. Capacitor voltage balancing control.

The system level control can be implemented using the direct or vector control strategy [32],
as shown in Figure 2. This paper implements the vector current control strategy, which consists
of a cascaded loop structure, i.e., an outer control loop (power/voltage) and an inner control loop
(current). The outer loop feeds the current references for the inner current controllers. The current
controller introduces decoupled control of reactive and active powers by controlling its q-axis and
d-axis current components.
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Figure 2. (a) Inner current control; (b) Outer loop power and voltage.

The circuit model of MMC (shown in Figure 1a) is connected to a symmetrical three-phase
balanced grid with a frequency of ωo. Its voltage and current equations are as follows:

Vg(a)(t) =
√

2Vsin(ωot) (13)

Vg(b)(t) =
√

2V sin
(

ωot− 2π
3

)
(14)

Vg(c)(t) =
√

2 V sin
(
ωot +

2π
3

)
(15)
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Ig(a)(t) =
√

2 I sin(ωot− ϕ) (16)

Ig(b)(t) =
√

2 I sin
(
ωot− 2π

3
− ϕ

)
(17)

Ig(c)(t) =
√

2 I sin
(
ωot +

2π
3
− ϕ

)
(18)

Each arm voltage can be regulated to get the required current. The output of each arm is half of
the phase current.

L
d
dt

i1u(t) = −Vup(a)(t)−Vg(a)(t) (19)

L
d
dt

i1l(t) = −Vlow(a)(t) + Vg(a)(t) (20)

The expression for the DC side current in the upper and lower arms in three leg is:

Idc
3

= idc
1(u/l)(t) = idc

2(u/l)(t) = idc
3(u/l)(t) (21)

Three-phase AC current signals are transformed into DC signals, which is more appropriate for
a control system design. The d-q current components in a rotating reference frame is based on the
Park transformation as implemented in Equation (22) [33]. The desired d-q current quantities can be
determined by the current magnitude and phase in a three-phase system. idu(t)

iqu(t)
iou(t)

 =
2
3

 sin(ωot) + sin
(
ωot− 2π

3
)
+ sin

(
ωot + 2π

3
)

cos(ωot) + cos
(
ωot− 2π

3
)
+ cos

(
ωot + 2π

3
)

1
2

1
2

1
2

.

 ig(a)(t)
ig(b)(t)
i(c)(t)

 (22)

By taking the derivative of Equations (19), (20) and (22), the equations in the d-q reference frame
for the inner current dynamics are given as:

L
d
dt

iud(t)−ωoLiud = −Vud(t)−Vd(t) (23)

L
d
dt

iuq(t) + ωoLiuq = −Vuq(t)−Vq(t) (24)

According to Equations (23) and (24), direct and quadrature current axes of terms ωoLiud and
ωoLiuq are coupled. De coupling of these terms can be achieved by using control inputs Vud and Vuq as
shown in Figure 2a. The Vud and Vuq are the reference voltages used to generate insertion indices for
each leg. The outer controllers compare reference values, active power, DC voltage, reactive power
(P∗, V∗dc, Q∗), and measured values (P, Vdc,, Q) using PI controllers, as shown in Figure 2b.

The PI compensators are tuned based on the open loop approach [34]. The decoupled system is
represented as a first order transfer function:

Gs =
K

1 + sT
(25)

The PI compensator can be shown as:

GO = Ki.
1 + sTi

sTi
(26)

where K = 1
R and T = L

R .
The open loop transfer functions of the current control loop can be shown as:
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GO = Kp

(
1 + sTi

sTi

)(
K

1 + sT

)
(27)

The time constant Ti is selected as equal to the dominant time constant of the entire system,
i.e., Ti = T = L

R , to achieve a phase margin of 60◦ in order to meet the stability criteria. The proportional
gain of the controller is chosen as KP = L/τ.

The independent control of active and reactive power based on vector current control can be
expressed as:

P =
3
2

Vdid + Vqiq (28)

Q =
3
2

Vdid −Vqiq (29)

The q-axis component of voltage is set to zero, since phase locked loop (PLL) is synchronized to
the grid voltage [35,36].

P =
3
2

Vdid (30)

Q = −3
2

Vdid (31)

The circulating current is generated due to a mismatch between the output voltage of different phase
arms and the DC voltage, and it is a negative-sequence (a-c-b) current and twice the fundamental frequency.
Due to the circulating current, RMS arm current increases, which results in higher power losses [37].
The expression for inner differential current given in Equation (9) can be extended to three phases:

idi f f a =
idc
3

+ i2 f sin(2ωot + ϕo) (32)

idi f f b =
idc
3

+ i2 f sin [2(ωot− 2π
3
) + ϕo)] (33)

idi f f c =
idc
3

+ i2 f sin [2(ωot +
2π
3
) + ϕo)] (34)

where i2 f is the double frequency circulating current and ϕo is the phase angle. As evident from
Equations (32) to (34), the DC current (component) is needed to keep the SM capacitor energy at the
required level. However, higher order harmonics may be needed inside the circulating current to
reduce the ripple effect of the SM capacitor.

The capacitor voltage balancing controller enables the energy variation in each sub-module to be
shared equally (by each converter arm). The voltage of the SM should be kept approximately equal
to its theoretical value Vdc/n (n is number of SMs in each arm), otherwise capacitor voltages will be
unbalanced, and the AC output voltage will be difficult to control.

4. Average Model of MMC

The continuous model of MMC shown in Figure 1b can be developed by considering a cell’s
internal dynamics as an arm equivalent. Then, the converter arm can be modelled as variable
capacitances, with their values determined by the insertion index n(t) i.e., nu and nl (upper and
lower arm), which turns into a continuous parameter. The capacitor voltages in each arm can be
considered as controlled voltage sources. By considering V∑

c (t) asthe sum of capacitor voltages in one
arm, the voltage inserted by the arm, Vc, is given by:

Vp
c = n(t)V∑

c (t) (35)

where p denotes number of the arms. Due to the series connection of inserted capacitors (cp) inside an
arm and the flow of the charging current i(t), the increase in the capacitor voltage in that arm is:
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dV∑
c (t)
dt

=
i(t)
cp (36)

Using Equation (38), the dynamics of capacitor voltages in the upper and lower arms can be
written as [38]:

dV∑
u (t)
dt

=
nui1u
carm (37)

dV∑
l (t)
dt

=
nl i1l
carm (38)

where carm is the capacitance in each arm. The upper and lower arm currents as per Equations (11)
and (12) can be derived as:

i1u =
carmdV∑

u (t)
nu dt

(39)

i1l =
carmdV∑

l (t)
nl dt

(40)

According to Figure 1b, by inserting resistance R (arm converter resistance), the output voltage in
phase a can be shown as:

Vc(a) =
Vdc
2
− Ri1u − Larm

di1u
dt
− nuV∑

u (t) (41)

Vc(a) = −
Vdc
2

+ Ri1l + Larm
di1l
dt

+ nlV
∑
l (t) (42)

Subtracting Equation (42) from (41) and using Equations (8), (37)–(40) gives the average model of
one leg of an MMC in Equation (43):

 idiff

V∑
u

V∑
l

 =


−R

L
−nu

2
−nL

2
nu

carm 0 0
nL

carm 0 0


 idiff

V∑
u

V∑
l

+


Vdc

2
nui1

2carm

− nli1
2carm

 (43)

This model will assume an even voltage distribution among the SMs in three legs of an MMC
while the switching pattern is neglected.

5. Direct and Proposed Direct Modulation

Figure 3 shows as ingle phase equivalent circuit model based on an average model developed
in Equation (43). The purpose of the modulation scheme is to provide insertion indices for all the
arms of an MMC to achieve control system objectives. The insertion indices nu and nl determines the
number of SMs inserted in each arm out of n number of SMs, having a continuous interval between
0–1. The inserted voltages can be varied between 0 and V∑

u .
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The direct modulation is based on the sinusoidal PWM generation; here, it is implemented with
the vector current control method, which regulates inner-generated voltage ea as given in Equation (5),
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since it assumes an average capacitor voltage for all the SMs, but actually due to current flow capacitor
voltage and its energy changes. The arm voltages are controlled by two complementary voltage
references for upper and lower arms:

Vupa_ref =
Vdc

2
[1−mcos(ω0t)]− ea (44)

Vlowa_ref =
Vdc

2
[1 + mcos(ωot)]− ea (45)

The term m[m = I1/2
Idc/2 ] represents the modulation index (amplitude), andωo is angular frequency

of the output voltage. If n is the number of utilized SMs in each arm, then voltage output has n + 1
level [39]. Since the duty ratio of the SMs in each arm is equal to its insertion index, voltage and
capacitor currents are directly proportional to each arm insertion index. Since V∑

c (t) = Vdc, the
circulating current is generated as per Equations (32) to (34). The circulating current is not controlled in
the direct modulation approach. Traditionally, compensated modulation is used to control arm voltage
oscillations generated in the direct modulation method. The insertion-index selection accounts for the
capacitor voltage ripples, but its drawback is the delay in the measurement of the output current and
DC link voltage [40,41].

The traditional approach of controlling the MMC-HVDC system consists of an AC side current
control system and a separate circulating current suppression controller, which regulates unbalanced
voltages inside each leg of a three-phase MMC converter. Both controllers operate in a cascade manner,
which increases system complexity [42]. Unlike Reference [42], which set the inner differential current
equal to zero in order to reduce capacitor voltage oscillations, a differential current controller is
proposed in References [43,44], which regulates upper and lower arm capacitor energies in one phase
of MMC.

In this paper, AC side current is controlled according to the active and reactive power references
based on Equations (28) and (29). However, unlike Reference [45], which uses two separate PR
controllers for controlling the AC side current and arm current of a converter during unbalanced
voltage conditions, this paper proposes a new method of reducing the circulating current by the
addition of 2nd and 4th harmonics in each arm current of an MMC, which reduces arm voltage
oscillations due to reduction in excessive negative currents in a period. The waveform is shifted
120◦ and 240◦ for the other two legs. As upper and lower arm voltages have a constant DC voltage
component in each leg during part of a period, the capacitor energy variations also reduce, thus the
flow of circulating current decreases in each leg of a three-phase MMC.

The voltage references in the upper and lower arms are generated by a vector current control
using Equations (23) and (24). By adding 2nd and 4th harmonics as per Equations (44) and (45), the
voltage references for the proposed method can be expressed as:

Vupa_ref =
Vdc

2
[1−mcos(ωot)]− ea +

U2 f

2
sin(2ωot + ϕo) +

U4 f

2
sin(4ωot + ϕo) (46)

Vlowaref
=

Vdc
2

[1 + mcos(ωot)]− ea +
U2 f

2
sin(2ωot + ϕo) +

U4 f

2
sin(4ωot + ϕo) (47)

The upper and lower arm currents using Equations (11), (12), (46), and (47) can be expressed in
Equations (48) and (49). Less capacitor energy variations are obtained during the 120◦degree part in a
period compared to the sinusoidal arm current generated in the traditional direct modulation method,
which is due to the constant nature of the DC current (analytical formulation results are shown in
Appendix A).

i1u = 1.5
[

cos (ωot) +
20
64

. cos (2ωot) +
−0.5

64
.cos (4ωot) + (1 +

0.5
64

+
−20
64

)

]
(48)
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i1l = 1.5
[
−cos (ωo.t) +

−20
64

. cos (2ωot) +
0.5
64

.cos (4ωot) + (−1 +
−0.5

64
+

20
64

)

]
(49)

The converter output current in phase a using Equations (48) and (49):

il = i1u − i1l(t−
T
2
) (50)

A flow chart to describe proposed direct modulation method is depicted in Figure 4.Appl.Sci.2019, 9, 1383 12 of 25 
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6. Analytical and Simulation Results

A two terminal symmetrical monopole MMC-HVDC shown in Figure 1 is simulated in
PSCAD/EMTDC software. A master–slave approach is used, in which one power converter regulates
the DC voltage and the other converter regulates the active power, whereas reactive power can
be controlled independently at both sides of the AC side terminals. A vector current control is
applied to the MMC here; the outer power controller and inner current controllers are similar to VSC
(voltage source converter) traditional two-level configurations [46]. However, unlike the VSC two-level
configuration, the circulating current is generated inside the MMC due to inner voltage differences
among the phase units without influencing AC side voltages and currents [47]. The active and reactive
powers are selected as control objectives similar to the VSC two-level configuration. Furthermore, the
DC line is modelled using cascaded π-sections developed in [48].

A reference DC bus voltage of 640 kV with a power of 1000 MVA from terminal T2 to terminal T1

was considered. Both MMCs operate at s 0.96 power factor and generate 40 MVAr to meet the required
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reactive power demand at the AC side of the HVDC system. The real and reactive current components
iud and iuq shown in Figure 2a adjusts the real and reactive power demand of the HVDC system.

Figure 5 shows simulation results of the MMC-HVDC system. Figure 5a–d shows the real powers
(P1, P2), reactive powers (Q1, Q2), the DC bus voltage maintained at 640 kV, and the current in the
HVDC line using direct and proposed direct modulation techniques.
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Figure 5. Results of (a) P1, P2 at T1and T2; (b) Q1, Q2 at T1and T2; (c) DC bus voltage at T1and T2; and
(d) current in the DC line.

The system level control (active and reactive power) of MMC-HVDC at terminal T2 and T1 based
on Equations (30) and (31) is shown in Figure 5a,b. At 0.08 s, the active power around both terminals
are controlled to maintain their reference values (P = 960MW). The AC side reactive power is controlled
at 40 MVAr at 0.1 s. From t = 0 to t =0.05 s, there is a small over-shoot in AC reactive power, but it
quickly reaches a stable value at around 0.08 s.

At the rectifier side terminals T2 and T1, DC voltage is controlled at the reference value of 640 kV.
Due to changes in active power at t = 0 s to t = 0.08 s, small transients are generated in DC voltages,
which finally reaches the reference value at 0.08 s due to the DC voltage controller as shown in Figure 5c.
The current in the upper and lower DC line is shown in Figure 5d. Due to small oscillations in DC
power, there are small transients in the DC current, which finally reaches steady state at the reference
value of around 1 kA at 0.14 s.
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Figure 6a,b shows the three-phase line-to-line voltage and the three-phase current, representing
the AC system connected to the MMC-HVDC system. The MMC grid side three-phase line-to-line
output voltage and output current waveforms are shown in Figure 6c,d. The direct modulation and
proposed direct modulation methods are tested on the MMC-HVDC system as shown in Figure 1a.
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The distortion in the peak values of the arm currents during the proposed direct modulation 
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Figure 6. Results of (a) grid side voltage (peak line-to-line); (b) grid side current; (c) converter AC
(peak line-to-line) side voltage; and (d) converter AC side current.

Figure 7a,b shows the voltage reference signals used to generate firing signals for SMs in each
arm of MMC. The direct modulation and proposed method is implemented by vector current control
method based on Equations (44)–(47). The upper and lower arm current waveforms using direct
modulation and the proposed direct modulation can be observed in Figure 7c–f. These simulation
results are based on the analytical Equations, derived in (11), (12), (39), (40), (48) and (49). Due to the
flow of the circulating current, the upper and lower arm current peak values are distorted during the
direct modulation approach.
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Figures 8a, b shows the three-phase arm voltages for the direct modulation and proposed direct 
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voltages, there is a reduction in capacitor energy variations as DC voltage is constant (smooth) in a 
part of a period that reduces arm voltage oscillations in each leg of a three-phase MMC. The peak 
arm voltages (640 kV) in the proposed modulation method are lowered and flatter compared to peak 
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Figure 7. Results of (a) reference signal-direct modulation; (b) reference signal-proposed direct
modulation; (c) upper arm current-direct modulation; (d) lower arm current-direct modulation;
(e) upper arm current-proposed direct modulation; (f) lower arm current-proposed direct modulation;
and (g) AC side current in phase a.

The distortion in the peak values of the arm currents during the proposed direct modulation
method is removed due to a reduction in the circulating current without affecting the input and output
current waveforms of the converter. The grid side output current waveform of the converter in phase
a is shown in Figure 7g. The addition of even order harmonics does not influence the AC side output
current of the converter.

Figure 8a,b shows the three-phase arm voltages for the direct modulation and proposed direct
modulation methods. Due to the presence of the DC component at the top and bottom of arm voltages,
there is a reduction in capacitor energy variations as DC voltage is constant (smooth) in a part of a
period that reduces arm voltage oscillations in each leg of a three-phase MMC. The peak arm voltages
(640 kV) in the proposed modulation method are lowered and flatter compared to peak arm voltages
in the direct modulation method, which results in less oscillation.
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As per Equation (9), Figure 9a,b shows the idi f f currentin one leg. In Figure 8a, due to direct
modulation, a circulating current is generated. In Figure 8b, due to a reduction in arm voltage
oscillations by constant DC voltages, the circulating current amplitude is also reduced.
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Figure 9. Results of (a) circulating current-direct modulation and (b) circulating current-proposed
direct modulation method.

A change in capacitor energy Wc(t) over half a period using the traditional direct modulation
method and the proposed method can be calculated using Equation (51) based on simulation results
and parameters available in Table 2:

Wc(t) =
∫ t

−0.01
Ileg(t).Vleg(t) (51)

(a) Direct modulation
Ileg(t) = AC current + DC current

Vleg(t) = DC voltage− AC voltage

(b) Proposed method

Ileg(t) = AC current + A.cos(2.ω.t) + B.cos(4.ω.t) + DC current

Vleg(t) = DC voltage− AC voltage

where Ileg(t) is the leg current and Vleg(t) is the leg voltage. Less capacitor energy is witnessed during
the proposed method compare to the direct modulation method for the same input and output power
as shown in Figure 10a,b.



Appl. Sci. 2019, 9, 1383 18 of 24
Appl.Sci.2019, 9, 1383 19 of 25 

 

 

 
(a) 

(b) 

Figure 10. Results of (a) change in capacitor energy-direct modulation and (b) change in capacitor 
energy-proposed method. 

Analytical and simulation results are compared in Table 1. Due to the proposed modulation, 
method RMS arm current is reduced compared to the direct modulation method, which is an 
important factor for power loss minimization in a three-phase MMC. The circulating current 
amplitude is also minimized due to the proposed method. 

Table 1. Comparison of analytical and simulation results. 

Quantity Symbol Direct Modulation Proposed Direct Modulation 

  Amplitude 
RMS 

Current 
Amplitude 

 
RMS 

Current 
Upper Arm Current 𝑖  1.5 kA 0.75 kA 1.5 kA 0.65 kA 
Lower Arm Current 𝑖  1.5 kA 0.75 kA 1.5 kA 0.65 kA 
Output Current in 

Phase 𝑎 
𝑖  1.5 kA - 1.5 kA - 

Differential Current 𝑖  1 kA - 0.2 kA - 

The HVDC system parameters are given in Table2. 
  

Figure 10. Results of (a) change in capacitor energy-direct modulation and (b) change in capacitor
energy-proposed method.

Analytical and simulation results are compared in Table 1. Due to the proposed modulation,
method RMS arm current is reduced compared to the direct modulation method, which is an important
factor for power loss minimization in a three-phase MMC. The circulating current amplitude is also
minimized due to the proposed method.

Table 1. Comparison of analytical and simulation results.

Quantity Symbol Direct Modulation Proposed Direct Modulation

Amplitude RMS Current Amplitude RMS Current

Upper Arm Current i1u 1.5 kA 0.75 kA 1.5 kA 0.65 kA

Lower Arm Current i1l 1.5 kA 0.75 kA 1.5 kA 0.65 kA

Output Current in Phase a i1 1.5 kA - 1.5 kA -

Differential Current idi f f 1 kA - 0.2 kA -

The HVDC system parameters are given in Table 2.
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Table 2. HVDC System Parameters.

Apparent Power (S) 1000 MVA

Active power (P) 960 MW

Grid side AC voltage 420 kV

Converter side AC voltage 380 kV

DC side voltage ±320 kV

DC side current 1.5 kA

Transformer connection Y/∆

Arm capacitor 28 µF

Arm inductance (continuous) 76 mH

Transformer inductance 15 mH

Arm resistance 0.8 Ω

DC Line (two conductors) 400 km

Ac side Power Factor (CosϕL) 0.96

Angular frequency 341 d/s

The advantages of proposed method can be summarized as follows:

• The AC component of the circulating current needs to be reshaped to reduce the voltage ripple
in the capacitor; otherwise, it increases loss. Its DC current component is important to keep the
capacitor voltages around a reference value.

• In the proposed method, the circulating current amplitude is reduced while keeping a balance
between higher order harmonics and lower order harmonics inside the arm current.

• The RMS value of the arm current is also reduced compared to other techniques as clearly
mentioned in the literature review.

7. Conclusions

A comprehensive analysis and modelling of the MMC-HVDC system using a non-linear average
model based on the direct modulation scheme is carried out in this work. A vector current control
strategy is implemented for all the discussed modulation methods. The direct modulation strategy
does not control the circulating current in a MMC.

A new method is implemented for the reduction of circulating currents using a direct modulation
approach. This strategy is based on the fact that the addition of even order harmonics leads to a
decrease in arm voltage oscillations by restricting the flow of negative currents, while having smooth
DC current components in each arm during part of a period without affecting input and output current
waveforms. Less capacitor energy variations are obtained with the proposed method compared to
the direct modulation method. The sum of these even harmonics does not contribute to the DC link
current of the HVDC system. The analytical and simulation results show the reduction in circulating
current amplitude and RMS values of the arm current by the proposed direct modulation method.
The detailed analysis of the proposed method on capacitor voltage ripple reduction on MMCs using a
detailed model will be addressed in future publications.
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Nomenclature

P Number of phases
n Number of sub modules per arm
IGBTs Insulated Gate Bipolar Transistors
PI Proportional Integral
PR Proportional Resonant
RMS Root Mean Square Value
C Sub module capacitance
Vdc
2 Dc bus voltage per pole

Vdc Dc bus voltage pole-to-pole
Lt Transformer inductance
Larm Arm inductance
L Equivalent transformer and arm inductance
R Arm resistance
τ Time constant of the closed-loop step response
V∑

u Sum capacitor voltages in upper arm
V∑

l Sum capacitor voltages in lower arm
V∑

c Total capacitor voltage
nu, nl Insertion indices upper and lower arm
VC(a) Converter output voltage in phase a
Vup (a) Inserted voltages in phase a upper arm
Vlow (a) Inserted voltages in phase a lower arm
eaI Inner generated voltage in phase a
carm Capacitance of series connected n cells
i1 AC current in phase a
icir Circulating current
Idc DCcurrent

(Vre f
up,low,) Reference for ea

vcir Internal voltage (driving icir)
vref

cir Reference for vcir
f AC side system frequency
ωo Angular frequency
Vg Grid voltage

Appendix A

The expression in Equations (48) and (49) are derived as:

T = 1/ f

T (period) = 0.02

ωo = 2π f
ωt = π

Due to direct modulation arm current is a sinusoidal wave form:

i = Vm Sinωt (A1)

Acos(ωt) + Bcos(2ωt) + Ccos(4ωt) + D (A2)

where D is a constant adapted to become zero in the middle.
By taking the 2nd and 4th (1st, 3rd, and 5th derivatives are zero) derivatives of Equation (A2):

− Acos(ωt) + B(−4)cos(2ωt)− C(16)cos(4ωt) + D (A3)

A− cos(ωt) + B(16)cos(2ωt)− C(256)cos(4ωt) + D (A4)
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The following co-efficient are derived from Equations (A3) and (A4):

[A = 1.5 , B =
20
64

, C =
−0.5

64
, D = 0]

The results of upper and lower arm currents based on analytical formulation using Equations (48) and (49) is
displayed in Figures A1 and A2, which shows the reduction in the negative half current by adding even order
harmonics. Due to the presence of the DC current component, the arm voltage oscillations were also reduced.
There are less capacitor energy variations, as DC voltage is constant during part of a period, which reduces
the circulating current. The peak value of arm currents also reduces as negative arm current is more flat at the
bottom. The DC current component in each arm will be the result of the DC input and output voltage. More input
voltage less DC current based on Equation (50) is shown in Figure A3, which is almost similar to a sinusoidal arm
current generation.
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