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Abstract—The main technical challenge of the medium-voltage
motor drives with modular multilevel converter (MMC) is the
serious low-frequency fluctuation on the capacitor voltages, and
the existing suppression methods inevitably inject high-frequency
circulating currents in MMC. However, the output currents are
evidently distorted by the large injected components, while lit-
tle research has been done to study and solve this problem. This
paper analyzes and proves the essential interactions between the
output current distortion and the injected components, and the
specific dominant output harmonic groups are derived and sum-
marized, revealing the nature of the problem, and it can be taken
as a favorable reference for the controller designing. Based on the
derivations, this paper proposes a novel suppression method for
the greatly improved harmonic characteristics of the output cur-
rents during the low-frequency operation. The output harmonics
can be accurately measured by the proposed control and effectively
suppressed for much lower current total harmonic distortion, ben-
efiting for the superior output control performances with improved
efficiency. The simulation results on PSCAD/EMTDC and exper-
imental verifications on a 2.2 kW MMC-based motor drive pro-
totype prove the validity of the presented harmonic analysis and
suppression method.

Index Terms—Harmonic analysis and suppression, low-
frequency fluctuation, modular multilevel converter (MMC), mo-
tor drives.

I. INTRODUCTION

THE modular multilevel converter (MMC) has been proved
to be a popular and attractive choice in the medium- and

high-power applications [1], [2], especially in the high-voltage
direct current transmission system [3]. As a beneficial multilevel
topology, MMC has many outstanding advantages such as the
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high quality of voltage waveform [4], low switching loss [5],
modular structure with high capacity [6], and no requirement for
the phase-shifting transformer [7], making it a highly competi-
tive topology in the medium-voltage (MV) variable-speed drive
applications [8], [9]. However, the main technical challenge that
limits the MMC-based motor drive is the low-frequency fluctu-
ation [10], [11]—the capacitor voltage ripple of the submodule
(SM) grows inversely with the output frequency, and thus the
huge fluctuation seriously damages the system during the low-
speed and start-up operation.

Much research has been done to suppress the low-frequency
ripple of MMC [8]–[15]. The traditional control method that
injects high-frequency common-mode voltage and circulating
current can effectively compensate the low-frequency energy
fluctuation and refrain the voltage ripple [8]–[10]. Different
basic waveforms of the injected components are proposed and
compared for desirable control performances [10]. An improved
circulating current injection method that restricts the voltage
ripple within a defined limit is presented in [11]. An injection
strategy considering the energy balance for superior dynamic
performances is introduced in [12]. A hybrid injection method
for full-bridge-based MMC with quasi-resonant controllers is
proposed in [13]. The optimal choices of the injected wave-
forms to reduce the voltage ripple are analyzed in [14], and an
improved injection technique with the detailed stability analysis
of the control is presented in [15].

Based on the traditional injection [10], these methods [8]–
[15] can effectively suppress the low-frequency fluctuation, and
they mainly focus on decreasing the injected components to re-
duce the risks caused by the injection, such as the large peak
current and the premature failure of winding insulation [16],
[17]. However, another adverse effect of the injection should
also be considered and solved—the output harmonic character-
istics caused by the injected components. In fact, the three-phase
output currents are evidently distorted by the injected circulat-
ing currents and common-mode voltages in the low-frequency
region. Clearly, the output harmonic currents lead to the unde-
sirable control performances of the motor in terms of the speed
and torque ripples, also with increased loss and current total
harmonic distortion (THD). The output current distortion can
be observed more or less in [8]–[15], but little research gives it
a specific analysis and solve it to the best of the author’s knowl-
edge. Considering different conditions of the motors and the
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Fig. 1. Basic MMC topology with the motor.

driving strategies in various practical applications, the output
current distortion should not be neglected, and it is favorable to
apply an accommodating control scheme to suppress the har-
monics effectively without extra cost and side effects.

This paper derives and proves the inherent relations between
the output current distortion and the injected components, and
presents a comprehensive analysis of the interactions of the in-
ner and outer characteristics in the MMC-based motor drive.
The dominant harmonic groups in the output currents are accu-
rately calculated and summarized in this paper, which provides
an accurate and useful reference for the evaluation and con-
troller designing. What is more, this paper proposes an effective
method to suppress the harmonic distortion of the output cur-
rents caused by the injection on the basis of the derivations
above. The proposed control can measure and suppress the har-
monics evidently for lower THD of the output current, reducing
the loss and benefiting for the superior output control perfor-
mances and improved efficiency. The validity of the proposed
harmonic analysis and suppression method are well proved by
the simulations on PSCAD/EMTDC and experimental results
on a 2.2 kW MMC-based motor drive prototype.

The outline of this paper is as follows. The analysis of the
output current distortion is presented in Section II. The pro-
posed suppression method with low-pass filter (LPF) design is
introduced in Section III. The simulation results are given in
Section IV. The experiment results are presented in Section V.
Finally, the conclusions are drawn in Section VI.

II. ANALYSIS OF THE OUTPUT CURRENT DISTORTION

Fig. 1 illustrates the topology of the MMC-based motor drive.
Clearly, one phase has two arms—upper arm and lower arm,
containing totally N SMs respectively, and the half-bridge SM
topology is common applied as shown in Fig. 1. To suppress
the capacitor voltages fluctuation in the start-up and low-speed
process, most methods [8]–[15] inject different kinds of circu-

Fig. 2. Traditional MMC control strategy.

lating current. Theoretically, the injected circulating currents do
not flow into the output lines and thus have no direct influences
on the output currents. However, the capacitor voltages ripples
are significantly affected by the injected components, and they
actually associate with the output behaviors of MMC.

In order to derive the relationship between the output current
distortion and the injected current, the representative conven-
tional injection method [10] is selected for analysis, and most
other improved injection strategies [8], [9], [11]–[15] have sim-
ilar conclusions. The traditional MMC control strategy [18]
including the averaging control, circulating current control, and
balancing control is also shown in Fig. 2, where k = a, b, c,
uck ave is the total average capacitor voltage of Phase k, icirk is
the injected circulating current, UcN is the nominal capacitor
voltage of one SM, and ucki is the ith SM capacitor voltage, i =
1, 2, . . . , 2N. More information of the widely applied traditional
method in Fig. 2 can be found in [10] and [18].

Thus, the injected common-mode voltage ucom and circulat-
ing current icirk (k = a, b, c) can be described as follows:

ucom = −Ucomsinωht (1)

icirk =
1

Ucom

(
2u2

sk

Udc
− Udc

2

)
isk sinωht (2)

where Ucom and ωh are the amplitude and angular frequency
of the injected high-frequency component, which is normally
much larger than the fundamental frequency ω, isk is the output
current (k = a, b, c for three-phase), Udc is the dc-link voltage.
Taking phase a as an example, the output voltage usa and current
isa are expressed as follows:

usa =
Udc

2
ma =

Udc

2
Msinωt (3)

isa = Issin (ωt − ϕ) (4)

where ma is the modulation index, M and Is are the respective
amplitudes, and ϕ is the phase angle of the output current.
Therefore, the upper and lower arm currents are obtained as
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follows:

iuk =
isk

2
+ izk + icirk (5a)

ilk = − isk

2
+ izk + icirk (5b)

where izk is the second-order circulating current that enables
the power flow between the phase and the dc-link, and thus it
can be expressed as follows [13]:

izk = usk isk/Udc . (6)

In the low-speed operation of driving the motor, usk << Udc ,
hence izk is clearly smaller than isk and the injected circulating
current icirk . The upper and lower arm voltages are defined as
follows:

uuk =
Udc

2
− usk − ucom (7a)

ulk =
Udc

2
+ usk + ucom . (7b)

Therefore, the instantaneous power of the upper and lower
arm can be expressed as follows:

puk = uuk iuk =
(

Udc

2
− usk − ucom

)

×
(

isk

2
+ izk + icirk

)

= pdm1 + pdm2 + pdm3 + pdm4 + pdm5

+ pcm1 + pcm2 + pcm3 + pcm4 (8a)

plk = ulk ilk =
(

Udc

2
+ usk + ucom

)

×
(
− isk

2
+ izk + icirk

)

= −pdm1 − pdm2 − pdm3 − pdm4 − pdm5 + pcm1

+ pcm2 + pcm3 + pcm4 (8b)

where ⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

pdm1 = Udcisk/4
pdm2 = −usk izk

pdm3 = −ucom icirk

pdm4 = −usk icirk

pdm5 = −ucom izk

(9a)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

pcm1 = Udcicirk/2
pcm2 = Udcizk/2
pcm3 = −usk isk/2
pcm4 = −ucom isk/2.

(9b)

It can be seen that the instantaneous powers of the up-
per and lower arms in (8) contain the common-mode terms
pcm1–pcm4 and differential-mode terms pdm1–pdm5 . Clearly,
the low-frequency fluctuation is mainly caused by pdm1 and

pdm2 , and the low-frequency part of the injected term pdm3
is designed to suppress the low-frequency power ripple, which
gives pdm1 + pdm2 + [pdm3 ]low−frequency = 0. Besides, in the
low-frequency condition, the output voltage usk is much less
than the dc voltage Udc (usk << Udc), and the injected current
icirk is much larger than the currents izk (icirk � izk ). As a re-
sult, the remained dominant terms with the injection in (8) are
pcm1 , pcm4 , pdm4 and the high-frequency part of pdm3 . Thus,
the upper and lower arm powers are simplified as follows:

puk ≈ pcm1 + pcm4 + [pdm3 ]high−frequency + pdm4 (10a)

plk ≈ pcm1 + pcm4 − [pdm3 ]high−frequency − pdm4 . (10b)

Then, the energy fluctuation of the upper and lower arms
should be

ẽuk =
∫

pukdt (11a)

ẽlk =
∫

plkdt. (11b)

The energy fluctuation in (11) is buffered by all the capac-
itors in the arms. Assume the nominal dc capacitor voltage is
Udc/N = UcN , and ũcuk and ũclk are the capacitor voltage rip-
ple of upper and lower arms, thus the energy of the arm can be
written as follows:

Ecr = Ecr0 + ẽrk =
1
2
NC(UcN + ũcrk )2

=
1
2
NCU 2

cN + NCUcN ũcrk +
1
2
NCũ2

crk (12)

where r = u and l for upper and lower arms, Ecr0 is the dc
component of the energy stored in the r arms, ẽrk is the energy
ripple of the r arm, ũcrk is the capacitor voltage ripple of the r
arm, and C is the SM capacitance. Obviously, the voltage ripple
ũcrk is much smaller than UcN , and hence the capacitor energy
ripple is mainly determined by NCUcN ũcrk . Therefore, the
energy ripple can be simplified as follows:

ẽrk ≈ NCUcN ũcrk . (13)

Then the capacitor voltage ripple ũcrk can be derived as fol-
lows:

ũcrk =
ẽrk

NCUcN
. (14)

As a result, considering the capacitor voltage ripples and
the switching harmonics of the phase-shifted carrier-pulsewidth
modulation, the actual output voltage is derived in (15) shown at
bottom of the next page, as follows, and (16) gives the detailed
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Fig. 3. Equivalent circuit of the induction motor with MMC output voltages
in steady-state.

expressions of the terms ufun , uh1 , uh2 , uh3 , uh4 in (15)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ufun =
1
2
mkUdc

uh1 = ucom

uh2 =
1
4
N (ũclk − ũcuk )

uh3 =
1
4
mkN (ũclk + ũcuk )

uh4 =
ucom

2Udc
N (ũclk + ũcuk ).

(16)

Clearly, the harmonic components of the switching frequency
in (15) are Nωs and higher, and they are far away from the in-
jected components ωh and the fundamental component ω. As
a result, this paper mainly focuses on studying the harmonics
caused by the injected components, while the switching fre-
quency components have small influences on the studied har-
monics near ωh , and it is also too complicated to calculate with
detailed components O(Nωs) and higher terms.

Consequently, neglecting the harmonics of the switching fre-
quency, the output voltage in (15) still contains complicated
harmonic components caused by the injection, and the motor
can be treated as a passive load in steady-state for a specific slip
ratio s. The harmonics in the output voltages definitely lead to
the harmonic currents through the equivalent inductor and re-
sistor of the induction motor [19], [20], shown in Fig. 3, which
reveals the nature of the output current distortion problem. As a

result, the output harmonic voltages are the direct cause that lead
to the output current distortion. The existing harmonics brought
by the injection can be divided into the dominant components
and the higher order harmonics in the following analysis.

A. Dominant Harmonic Components

Taking phase a (k = a) as an example, usa is divided into
several terms that contains different harmonics shown in (15)
and (16).

1) ufun : ufun is the fundamental output voltage that drives the
motor and generates the fundamental currents. It is obtained
from the motor control loops such as the Voltage/frequency
(V/f) control [19], [20], field-oriented control (FOC) [21] or
the vector control [22], direct torque control (DTC) [23], [24],
and so on.

2) uh1 : uh1 is the injected common-mode voltage ucom for
suppressing the low-frequency ripple. ucom is the same in
three phases, thus no zero-sequence harmonic current exists
in the three-phase three-wire topology shown in Fig. 3.

3) uh2 : uh2 is caused by the difference of the upper and lower
arm voltage ripples. Apparently, the modulation index M is
relatively small in the low-frequency condition. Therefore,
inserting (1)–(4), (6), (8), (11), (14) into (16), and neglect-
ing the smaller terms and zero-sequence parts, the dominant
components of uh2 is derived as follows:

uh2 ≈ Uh2I

2ωh + ω
cos [(2ωh + ω) t − ϕ]

− Uh2I

2ωh − ω
cos [(2ωh − ω) t + ϕ]

− Uh2I I

ωh + 2ω
cos [(ωh + 2ω) t − ϕ]

− Uh2I I

ωh − 2ω
cos [(ωh − 2ω) t + ϕ] (17)

where ⎧⎪⎪⎨
⎪⎪⎩

Uh2I =
NIs

16C

Uh2I I =
MNIsUdc

32CUcom
.

(18)

usk =
1
2

(ulk − uuk ) =
1
2

[(
Udc

2
+ usk + ucom

)
−

(
Udc

2
− usk − ucom

)]
PSC−PWM

=
1
2

{
N

Udc/2 + usk + ucom

Udc
(UcN + ũclk ) − N

Udc/2 − usk − ucom

Udc
(UcN + ũcuk ) + O (Nωs)

+O (2Nωs) + · · ·
}

PSC−PWM

≈ 1
2

[(
1 + mk +

2ucom

Udc

)
N (UcN + ũclk )

2
−

(
1 − mk − 2ucom

Udc

)
N (UcN + ũcuk )

2

]

= ufun + uh1 + uh2 + uh3 + uh4 (15)
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TABLE I
DOMINANT HARMONICS IN uh2 , uh3 , AND uh4

Consequently, the harmonic components in uh2 are around
ωh and 2ωh , and the detailed frequencies of the dominant terms
that bring the output harmonic currents are ωh + 2ω, ωh–2ω,
2ωh + ω, and 2ωh–ω.

4) uh3 : uh3 is caused by the sum of the upper and lower
arm voltage ripples. Similarly, to focus on the dominant har-
monics, the small terms in uh3 are neglected to simplify the
calculation, such as the terms that multiplied by M 3. Thus,
uh3 can be organized as follows:

uh3 ≈ − Uh3I

ωh + ω
cos [(ωh + 2ω) t − ϕ]

− Uh3I

ωh − ω
cos [(ωh − 2ω) t + ϕ] (19)

where

Uh3I =
MNIs

32C

(
Udc

Ucom
− 2Ucom

Udc

)
. (20)

Therefore, the dominant harmonics in uh3 are around ωh , and
the detailed frequencies are ωh–2ω and ωh + 2ω.

5) uh4 : uh4 is also caused by the sum of the upper and lower
arm voltage ripples. Focusing on the dominant harmonics,
and substituting (1)–(4), (6), (8), (11), (14) into (16), uh4 is
obtained

uh4 ≈ − Uh4I

ωh + ω
cos [(2ωh + ω) t − ϕ]

+
Uh4I

ωh − ω
cos [(2ωh − ω) t + ϕ] (21)

where

Uh4I =
NUcomIs

16CUdc

(
Udc

Ucom
− 2Ucom

Udc

)
. (22)

Equation (21) indicates that the dominant harmonics in uh4
are around 2ωh , and the frequencies are 2ωh + ω, 2ωh–ω.

Above all, the output harmonic voltages are caused by uh2 ,
uh3 , and uh4 . In summary, Table I lists the frequencies of the
dominant harmonics in uh2 , uh3 , and uh4 .

Hence, considering that ωh is much larger than ω for sim-
plification, the total dominant harmonics around ωh in uh2 and
uh3 are calculated as follows:

uωh +2ω =
(
− Uh2I I

ωh + 2ω
− Uh3I

ωh + ω

)
cos [(ωh + 2ω) t − ϕ]

≈ −NMIs

32ωhC

(
3Udc

2Ucom
−2Ucom

Udc

)
cos[(ωh + 2ω) t − ϕ]

(23a)

uωh −2ω =
(
− Uh2I I

ωh − 2ω
− Uh3I

ωh − ω

)
cos [(ωh − 2ω) t + ϕ]

≈ −NMIs

32ωhC

(
3Udc

2Ucom
− 2Ucom

Udc

)
cos[(ωh−2ω) t+ϕ].

(23b)

And the total dominant harmonics around 2ωh in uh2 and uh4
are calculated as follows:

u2ωh +ω =
(

Uh2I

2ωh + ω
− Uh4I

ωh + ω

)
cos [(2ωh + ω) t − ϕ]

≈ − NIs

32ωhC

(
1 − 4U 2

com

U 2
dc

)
cos [(2ωh + ω) t − ϕ]

(24a)

u2ωh −ω =
(
− Uh2I

2ωh − ω
+

Uh4I

ωh − ω

)
cos [(2ωh − ω) t + ϕ]

≈ NIs

32ωhC

(
1 − 4U 2

com

U 2
dc

)
cos [(2ωh − ω) t + ϕ] .

(24b)

Equation (23) indicates that the amplitudes of uωh+2ω and
uωh–2ω are multiplied by the modulation M, while u2ωh+ω and
u2ωh–ω in (24) are not associated with M. Thus, the proportion of
ωh–2ω and ωh + 2ω harmonics become larger when the speed
or the load torque increases, since M grows.

Besides, the magnitude of uωh–2ω is actually slightly larger
than uωh+2ω , and u2ωh–ω is also larger than u2ωh+ω , which can
be easily obtained from (17), (19), and (21). While as mentioned
above, ωh is much larger than ω, thus ωh–ω ≈ 2ωh+ω ≈ ωh ,
and 2ωh–ω ≈ 2ωh+ω ≈ 2ωh . Therefore, the differences can
be accepted and the amplitudes are the same in (23a) and (23b)
and (24a) and (24b) with simplification. Obviously, the differ-
ence of the magnitudes gradually increases with the fundamen-
tal frequency ω, but it is very small in low-speed regions and
consequently it can be accepted.

As a result, the injection evidently causes the output voltage
harmonics through the capacitor voltage ripples, and the output
currents of the motor are thus distorted. The analysis and deriva-
tions above prove the dominant harmonic voltages are around
ωh (ωh–2ω and ωh + 2ω) and 2ωh (2ωh + ω and 2ωh–ω), and
they accordingly lead to the output harmonic currents of the
same frequencies.

B. Higher Order Harmonic Components

The output harmonic currents also appear in the arm currents
of the MMC as shown in (5), and the distorted arm currents
further generate more output harmonic voltages of higher fre-
quencies and thus lead to more higher order output harmonic
currents. To be detailed, the output harmonics around 2ωh will
lead to the harmonics around 4ωh with reduced amplitude, and
the 4ωh harmonics will also bring 6ωh harmonics with further
decreased amplitude, and so on. Similarly, the output harmonic
currents around ωh calculated above will result in the subsequent
3ωh and 5ωh harmonics, and so on. However, the amplitudes
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Fig. 4. Relations of the generated higher order harmonics of 2ωh , 4ωh , 6ωh .

of higher order harmonics decrease evidently, and consequently
the minor high-frequency components can be neglected.

To prove it, taking the output harmonics around 2ωh (2ωh + ω
and 2ωh–ω) as examples, they are regarded as the known quan-
tities to verify that they further lead to the output harmonic cur-
rents of 4ωh + ω and 4ωh–ω with reduced amplitudes. Hence,
the corresponding output harmonic current around 2ωh of phase
a ia2 is expressed as follows:

ia2 = I2I sin[(2ωh−ω)t−ϕ2I ] + I2I I sin[(2ωh + ω)t − ϕ2I I ]
(25)

where I2I , I2I I and ϕ2I , ϕ2I I are the amplitudes and phases
of the 2ωh–ω and 2ωh + ω harmonic currents. Clearly, the har-
monic currents in (25) are much smaller than the fundamental
current.

Therefore, the upper and lower arm currents should be rewrit-
ten as follows:

iua =
isa + ia2

2
+ iza + icira (26a)

ila = − isa + ia2

2
+ iza + icira . (26b)

As the added output harmonic current, ia2 can be directly
inserted into isa in (1)–(16) to calculate the additional harmonic
voltages caused by ia2 . Hence, substituting ia2 into isa , the
harmonic voltages around 4ωh in uh2 and uh4 led by ia2 are
obtained as follows:

uh2a2 (4ωht) ≈ NI2I

16C (4ωh − ω)
cos [(4ωh − ω) t − ϕ2I ]

+
NI2I I

16C (4ωh + ω)
cos [(4ωh + ω) t − ϕ2I I ]

(27a)

uh4a2 (4ωht) ≈ − NUcomI2I

16CUdc (3ωh − ω)

(
Udc

Ucom
− 2Ucom

Udc

)

× cos [(4ωh − ω) t − ϕ2I ]

− NUcomI2I I

16CUdc (3ωh + ω)

(
Udc

Ucom
− 2Ucom

Udc

)

× cos [(4ωh + ω) t − ϕ2I I ] . (27b)

Both uh2a2 and uh4a2 contain the harmonics around 4ωh

(4ωh + ω and 4ωh–ω), which generate the corresponding 4ωh +
ω and 4ωh–ω output harmonic currents. The amplitudes of these
harmonics around 4ωh in uh2a2 and uh4a2 are much less than the

dominant harmonics (ωh–2ω, ωh + 2ω, 2ωh + ω, and 2ωh–ω),
but they do exist in the output currents.

What is more, this relation can be extended. The harmonic
currents around 4ωh (ia4) can also generate the harmonic cur-
rents around 6ωh with reduced amplitudes, which can be proved
by similar derivations as (25)–(27). The reason for this relation-
ship lies in the calculation of uh2 and uh4—the output harmonic
currents are multiplied by cos(2ωht) or multiplied by cos(ωht)
twice, thus the phases of the generated output harmonics are
added by 2ωht. Similarly, the dominant harmonics around ωh in
uh3 have the same characteristics, and the harmonics around 3ωh

and 5ωh can also be found and derived as (25)–(27). However,
the amplitudes of higher order harmonics decrease evidently,
hence it is unnecessary to consider the harmonic currents higher
than 6ωh . The relations of the generated higher order harmonics
of 2ωh , 4ωh , 6ωh described above are depicted in Fig. 4.

In summary, the harmonics in the output currents can be
finally divided into two groups.

1) Around ωh , 3ωh , 5ωh , etc. The dominant harmonics are
ωh–2ω and ωh + 2ω in this group. With the increase of
the frequency, the amplitudes of higher order harmonics
decrease evidently.

2) Around 2ωh , 4ωh , 6ωh , etc. The dominant harmonics are
2ωh + ω and 2ωh–ω in this group. With the increase of
the frequency, the amplitudes of higher order harmonics
decrease evidently.

In conclusion, the essential reason for the output current dis-
tortion is the output harmonic voltage caused by the capacitor
voltage ripples and the injected components. The dominant har-
monic currents of two groups summarized above are around
ωh (ωh–2ω, ωh + 2ω) and 2ωh (2ωh + ω, 2ωh–ω).

III. PROPOSED SUPPRESSION METHOD WITH LPF DESIGN

A. Proposed Suppression Method

The block diagram of the proposed suppression method is
illustrated in Fig. 5. The complete strategy for the MMC-based
motor drive includes the motor control, MMC control, and the
proposed suppression control as shown in Fig. 5. Different motor
controls can be applied, such as the V/f control [19], [20], FOC
[21], [22], DTC [23], [24], and the conventional MMC strat-
egy including the averaging, balancing, and circulating current
control is given in [10], and other advanced MMC strategies
can also be used. The added proposed control measures the
output harmonic currents and suppresses them by the feedback
and feedforward control.
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Fig. 5. Block diagram of the proposed suppression control.

It should be clarified that the fundamental output distortion
is effectively controlled and refrained by the closed-loop mo-
tor control in the low-, medium, and high-speed regions, but
the motor control shows unsatisfying limitations of the injected
high-frequency harmonics in the low-speed region. The pro-
posed suppression control aims to effectively reduce the high-
frequency harmonic distortion caused by the injection in the
low-speed region. Although the fundamental and harmonic dis-
tortion both essentially result from the capacitor voltage ripples,
the frequencies of the components are so different, and thus they
can be respectively suppressed by different control schemes for
superior output performances. The outputs of all the loops above
are added together and then distributed to the SMs.

As analyzed above, the output harmonic currents are actually
caused by the output harmonic voltages. Therefore, the output
current distortion can be suppressed by compensating the out-
put harmonic voltages. The detailed expressions of the existing
dominant harmonic voltages around ωh (ωh–2ω, ωh + 2ω) and
2ωh (2ωh + ω, 2ωh–ω) are derived in (23) and (24), thus the
feedforward control can be used to inject the opposite output
voltages for suppressing the harmonics. Therefore, combining
(23) and (24), the injected output voltages for compensation are
expressed as follows:

uf c = UωI cos [(ωh + 2ω) t − ϕ] + UωI cos [(ωh − 2ω) t + ϕ]

+ U2ω cos[(2ωh + ω)t − ϕ] − U2ω cos[(2ωh − ω)t + ϕ]
(28)

where ⎧⎪⎪⎪⎨
⎪⎪⎪⎩

UωI =
NIs

32ωhC

(
3MUdc

2Ucom
− 2MUcom

Udc

)

U2ω =
NIs

32ωhC

(
1 − 4U 2

com

U 2
dc

)
.

(29)

What is more, to reduce the higher order harmonics and im-
prove the control performances, the feedback control loop for the
output harmonic currents is applied illustrated in Fig. 5. First,

the proposed control measures the output harmonic currents
by the coordinate transformation with LPF. Considering that
ωh � ω, the three-phase output currents are transformed into
the dq rotating coordinate under the fundamental frequency ω
through ABC-to-dq transformation [25], and the dominant fun-
damental components become the dc term, while the harmonics
that should be suppressed are still ac terms. Hence, the LPF is
employed to keep the dc term and eliminate the harmonics of ac
terms. Then, by applying the dq-to-ABC inverse transformation
[25], the fundamental components without harmonics can be
restored. Finally, subtracting the fundamental currents from the
original three-phase output currents, the output harmonic cur-
rents are accurately obtained. Clearly, the basic principles of the
harmonic detection of the proposed method are similar to the
active power filter [26], and more information of the harmonic
detections can be found in [27]–[29]. The different point in the
proposed control is that the angular frequency ωt required in
the coordinate transformation can be directly acquired from the
motor control as shown in Fig. 5. Hence, it indicates the con-
venience and practicability of the proposed suppression method
since the additional phase-locked loop is not required.

As a result, the harmonics in the output currents are sep-
arated, and then the feedback control loop with proportional
controller is employed to suppress the harmonics. The refer-
ences for the three-phase harmonics are zero in Fig. 5, and the
proportional controllers (Kp) are used to track the harmonic
currents for effectiveness, reliability, and usability. Considering
the harmonic components are complicate ac terms with time-
varying amplitude and frequency, advanced controllers such as
proportional-integral (PI) and proportion-resonant controllers
are hard to design with undesirable results, and thus propor-
tional controller is more suitable for this situation in terms of
the satisfying dynamic performances, stability, and simplicity.

The output voltages of the proportional controller are added
with the compensated voltages (28) in feedforward loop to im-
prove the dynamic control performances. Finally, the obtained
control voltages uhk (k = a, b, c) of the proposed suppression



ZHAO et al.: HARMONIC ANALYSIS AND SUPPRESSION METHOD OF OUTPUT CURRENT DISTORTION FOR MV MOTOR DRIVES 751

are superposed to the other control voltages of the system, in-
cluding the motor control (V/f or other strategies for the motor)
and MMC control (averaging, balancing and circulating current
control) in Fig. 5. It should be mentioned the other advanced
strategies could also be used since the proposed suppression
method is independent of the MMC control, such as the capaci-
tor voltages balancing, and it has little undesirable influence on
the inner characteristics of MMC. Therefore, the final control
voltage references for each SM (i = 1 . . . N for upper arm, i =
N + 1 . . . 2N for lower arm) are obtained as follows:

u∗
cki = uconi − usk + uhk + ucom

N
+

Udc

2N
(i = N + 1 . . . 2N)

(30a)

u∗
cki = uconi +

usk + uhk + ucom

N
+

Udc

2N

× (i = N + 1 . . . 2N) (30b)

where uhk (k = a, b, c) are the control voltages of the proposed
suppression method, usk are the output control voltages for the
motor, uconi are the sums of the averaging, balancing, circulating
current control voltages for MMC, and ucom is the injected
common-mode voltage. In addition, other injection methods
[8]–[15] can also be employed with the proposed control, since
the proposed method aims to reduce the harmonic distortion
of the output currents and has little influence on the injection
methods. Thus, different waveforms and combinations of the
injected components can be applied, and the proposed method
is able to measure and suppress the output harmonic currents
caused by the injections evidently and efficiently.

B. LPF Design

The proposed suppression control highly relies on the LPF-
based harmonics detection, which directly affects the accuracy
of control references. Hence, it is significant to design the cut-off
frequency of the LPF properly in consideration of the variation
of the motor speed.

First of all, it should be clarified that the cut-off frequency
and the detailed LPF is not changing online with the motor
speed in the proposed control strategy. The system injects large
components in the low-speed region to suppress the fluctuation,
while the components are evidently reduced in the medium- and
high-speed regions. Hence, the LPF mainly operates in the low-
speed region, and the difference between the fundamental output
frequency ω and the high frequency of the injected component
ωh is quite large (ωh � ω) [8]–[15]. As a result, it is feasible to
apply the LPF with the fixed cut-off frequency when the motor
speed varies in the low-speed region.

To be detailed, the range of the low-frequency region fo (ω =
2πfo) is about 0–15 Hz, and the frequency of the injected
component fh (ωh = 2πfh) should be less than 1/10 of the
switching frequency fs [10], [13], and at least four times higher
than the output fundamental frequency fo (i.e., 4fo ≤ fh ≤
fs/10) [11]. According to the proposed suppression control in
Fig. 5, by applying the ABC/dq coordinate transformation, the
fundamental output current becomes the dc terms. As for the
output harmonic currents, although the frequencies change af-

Fig. 6. Bode diagram of the traditional second-order filter.

TABLE II
PARAMETERS OF THE SIMULATIONS

ter the transformation, they are still transformed into ac terms
at around ωh , 2ωh , etc., because the injected frequency ωh is
much larger than the fundamental frequency ω in the low-speed
region [8]–[15]. Consequently, considering the high-frequency
harmonics and the dynamic control performances of the fun-
damental components, it is recommended that the cut-off fre-
quency fc of the LPF is designed to be less than 1/10 of the
injected frequency fh and higher than 1/6 of the fundamental
frequency fo (i.e., fo/6 ≤ fc ≤ fh/10) in the practical engi-
neering. The frequencies of the injected components fh in the
experimental results are 50 and 62.5 Hz to verify the proposed
derivations, and fc is set to be 2.5 Hz, which is obviously low
enough to separate the output harmonics. The traditional digital
second-order LPF is adopted in this paper for simplicity and
effectiveness, and other types of LPF could also be applied. The
transfer function of the traditional second-order LPF is

G (s) =
ω2

c

s2 + 2ξωcs + ω2
c

(31)

where ωc is the cut-off angular frequency, ξ is the damping ratio.
Therefore, when fc is designed to be 2.5 Hz (ωc = 2πfc = 5π),
and ξ is 0.71 for –3 dB on fc , Fig. 6 shows the bode diagram
of the traditional second-order LPF. The magnitude of 50 Hz is
–52 dB, indicating that the output harmonics can be effectively
suppressed by the LPF.
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Fig. 7. Comparisons results of the control without and with the proposed suppression at 2 Hz output frequency.

In conclusion, based on the analysis and derivations of the
output harmonic currents above, the proposed control effectively
reduces the distortion of the output currents by compensating
the harmonic voltages through the feedforward and feedback
control loop. The harmonics in the output currents can be clearly
measured and suppressed by the proposed method for much
lower THD and satisfying output control performances with
improved efficiency of the motor.

IV. SIMULATION RESULTS

Simulations of a 1.25 MW/10 kV induction motor drive
with MMC are conducted on PSCAD/EMTDC to verify the

proposed suppression control. The parameters of the MMC and
motor in simulations are listed in Table II. The traditional in-
jection method [10] is applied to suppress the low-frequency
fluctuations. The speed of the motor is controlled at 32.2 r/min
and the actual frequency of the output current is very close to
2 Hz when the motor is under 50% rated load torque. In this
way, it is easier and clearer to observe and analyze the harmonics
with the fundamental currents in simulations as the frequency
is an integer, and the load torque is also quite large.

The fundamental frequency is very low, which is only
0.04 p.u. of the nominal frequency, and the frequency of the
injected components is 50 Hz. Therefore, according to the anal-
ysis in Section II, the dominant harmonics are ωh–2ω, ωh + 2ω,
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Fig. 8. Expanded FFT of the harmonics around 50 and 100 Hz in Fig. 7(c).

Fig. 9. Photograph of the experimental motor drive with MMC.

2ωh + ω, and 2ωh–ω, and they are calculated as 46, 54, 98, and
102 Hz. Hence, to prove the effectiveness of the proposed anal-
ysis and method, the comparisons results of the control without
and with the proposed suppression at 2 Hz output frequency
under half rated load torque are presented in Fig. 7. The influ-
ences of the MMC controls in the comparative simulation and
experiment results are excluded. The MMC controls are prop-
erly designed, adjusted, and applied, and the only difference
between the two groups in the comparative results is with or
without the proposed suppression control. All the other control
loops including the designed control parameters of the com-
parative sets are identical to focus on the verifications of the
proposed suppression control. Besides, the output voltages of
the MMC controls only have very small influences on the output
harmonic distortion, since they are much smaller than the dom-
inant components. As a result, the output voltages of the MMC
controls are commonly neglected to focus on the fluctuation and
harmonic analysis of the major parts [8]–[15].

The three-phase output currents are shown in Fig. 7(a) and
(b). Apparently, the output currents of the control without the
proposed method are evidently distorted by the injection as
shown in Fig. 7(a). While with the proposed suppression con-
trol, the harmonics in the output currents are greatly reduced
in Fig. 7(b), demonstrating the effectiveness of the proposed
method. Fig. 7(c) and (d) give the results of the fast Fourier
transform (FFT) analysis of the output currents (phase a, blue
lines), respectively, in Fig. 7(a) and (b). Clearly, the harmon-
ics in Fig. 7(c) can be divided into two groups as derived: 1)
around ωh , 3ωh , 5ωh , etc., which are around 50, 150, 250 Hz,
etc.; the dominant harmonics in this group are around 50 Hz;
2) around 2ωh , 4ωh , 6ωh , etc., which are around 100, 200,
300 Hz, etc.; the dominant harmonics in this group are around
100 Hz. To give a clear look of the dominant harmonics in
Fig. 7(c), the expanded FFT results of the harmonics around 50
and 100 Hz are given in Fig. 8. Fig. 8(a) shows the harmon-
ics around 50 Hz, and the dominate components are 46 and 54

Fig. 10. Overview of the MMC setup.

TABLE III
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Hz, which are the same as the theoretical calculated ωh–2ω
and ωh + 2ω. The harmonics around 100 Hz are shown in
Fig. 8(b), and the 98 and 102 Hz harmonics are the biggest com-
ponents, which also prove the proposed expressions 2ωh + ω
and 2ωh–ω. As a result, the simulation results evidently verify
the proposed analysis and derivations of the output harmon-
ics in terms of the frequencies and the dominant components.
Therefore, the proposed expressions of the harmonics can be an
accurate and useful reference for the controller design. Mean-
while, after using the proposed suppression, it can be observed
from the FFT analysis in Fig. 7(d) that the harmonic distortion
of the output currents is significantly reduced, and the THD is
decreased to only 2.81% from 8.78% in Fig. 7(c) without the
proposed method, demonstrating the satisfying output control
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Fig. 11. Steady-state comparison results of the control without and with the proposed suppression method when n = 57.2 r/min and ωh = 314 rad/s.

performances for the motor. Besides, the arm currents in
Fig. 7(e) and (f) and the capacitor voltages in upper and lower
arms in Fig. 7(g) and (h) indicate little differences, because the
suppressed harmonics are too small in comparison with the dom-
inant injected components and fundamental components in the
arms. Hence, the proposed suppression method only improves
the output characteristics, and it has no unsatisfying influences
on the inner quantities of MMC such as the arm currents and
capacitor voltages.

The simulated waveforms of the motor speed ωm and elec-
tromagnetic torque Te are given in Fig. 7. The speeds in
Fig. 7(i) and (j) are controlled at 3.4 rad/s, and the electromag-
netic torques in Fig. 7(k) and (l) are controlled at 50% of the
nominal torque. Obviously, with the reduced output distortion,
the ripples of the motor speed in Fig. 7(j) and the electromag-
netic torque in Fig. 7(l) with the proposed strategy are greatly
reduced in comparison with the Fig. 7(i) and (k), demonstrating
superior output performances of the proposed strategy. The dc
current idc of the constant dc voltage source is given in Fig. 7(m)
and (n). The ripple of idc in Fig. 7(n) of the proposed method
is slightly larger than the traditional idc in Fig. 7(m). The dc
voltage Udc is a constant, and the capacitor voltage ripples have
little changes. Therefore, the ripple of the input power in the

proposed method only changes a little, while the ripple of the
output power in terms of the speed and torque of the motor is
evidently reduced by the proposed suppression. In that sense,
the loss is reduced, and the efficiency consequently increases
in virtue of the greatly improved output control performances.
As a result, the proposed strategy focuses on the suppression
of the output harmonic currents, and it effectively reduces the
ripples of the speed and torque of the motor for desirable control
performances, and thus reduces the loss caused by the ripples
with improved efficiency.

In conclusion, the simulation results clearly prove the validity
and the effectiveness of the proposed analysis of the harmonic
components and the suppression method.

V. EXPERIMENTAL RESULTS

The proposed analysis and suppression method are also ver-
ified by a downscaled prototype of a motor drive with MMC.
Fig. 9 shows the photograph of the experimental setup, and the
overview of the MMC prototype in the photo is given in Fig. 10.
The MMC drives the induction motor, and the induction motor
further drives the dc generators with the load resistors. Thus,
the energy is finally consumed by the resistors and the torque
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Fig. 12. Steady-state comparison results of the control without and with the proposed suppression method when n = 143 r/min and ωh = 393 rad/s.

Fig. 13. Experimental results of switching on the proposed suppression method.
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can be loaded on the induction motor. The specific parameters
of the experimental setup are given in Table III. To reduce the
low-frequency fluctuation, the conventional injection method
[10] is applied, and the comparison results of the control with-
out and with the proposed suppression method are presented to
prove the validity. The transient and steady-state experimental
waveforms are given in the following.

A. Steady-State Experimental Waveforms

The first group of the steady-state comparison results of the
control without and with the proposed suppression method when
n = 57.2 r/min and ωh = 314 rad/s are given in Fig. 11. Since
the speed of the motor is very low and the load resistors are
limited, the load torque for the induction motor is set to be 50%
rated value. Thus, the measured frequency of the output currents
is very close to 2.7 Hz (ω = 2π × 2.7 = 5.4π). Meanwhile, the
frequency of the injected components is 50 Hz. According to the
proposed analysis, the dominant harmonics should be around ωh

and 2ωh . However, the modulation M is small since the speed is
very low and the load torque is half of the nominal, consequently
the harmonics around 2ωh are clearly larger than the harmonics
around ωh .

Fig. 11(a) shows the output current of phase a and its FFT
analysis calculated by the oscilloscope of the control without
the proposed control. The output current is clearly distorted by
the injection shown in the expanded waveforms of the peak cur-
rent in Fig. 11(a). The FFT analysis of the output current in
Fig. 11(a) shows that the harmonics can be divided into two
groups as derived—1) around ωh , 3ωh , 5ωh , etc., which are
around 50, 150, 250 Hz, etc.; the dominant harmonics in this
group are around 50 Hz; 2) around 2ωh , 4ωh , 6ωh , etc., which
are around 100, 200, 300 Hz, etc.; the dominant harmonics in this
group are around 100 Hz. The frequencies of the largest harmon-
ics in Fig. 11(a) are very close to 97.3 and 102.7 Hz (2ωh + ω
and 2ωh − ω, ω = 2π×2.7 = 5.4π, ωh = 2π × 50 = 100π),
and the harmonics around ωh are smaller than the 2ωh harmon-
ics since the modulation M is comparatively small. Apparently,
the harmonic components in Fig. 11(a) are more complicated
than the proposed analysis since the non-ideal factors of the
devices and controllers are counted, such as the asymmetry of
device parameters in three phases, and the resolution ratio of the
FFT in oscilloscope is finite. However, most existing harmonics
of the two groups in Fig. 11(a) including the dominant compo-
nents are the same as the proposed analysis, demonstrating the
correctness and validity of the derivations and providing a great
reference for the suppression controller design.

After applying the proposed suppression method, the out-
put current of phase a and the FFT analysis are given in
Fig. 11(b). It can be observed that the distortion of the current is
evidently reduced as shown in the expanded waveforms of the
peak current in Fig. 11(b). The FFT results indicate that all the
harmonics caused by the injections are suppressed, and the dom-
inant harmonics of 97.3 and 102.7 Hz are cut by 80%. The THD
of the output current using the proposed suppression is 4.26%,
while the THD of the output current in Fig. 11(a) is as high as
8.03%. Certainly, the THD in Fig. 11(a) and (b) contains the

harmonics of the switching frequencies, but as claimed before,
this paper focuses on the harmonics caused by the injection, and
the harmonics of the switching frequencies or caused by other
non-ideal factors are not discussed and studied. As a result, the
output harmonic current can be significantly suppressed by
the proposed control with a clear drop on THD. Meanwhile,
the arm currents are shown in Fig. 11(c) and (d), and the
capacitor voltages on upper and lower arms are shown in Fig.
11(e) and (f), and they indicate little differences, since the sup-
pressed harmonics are too small in comparison with the domi-
nant injected components and fundamental components in the
arms. Hence, the proposed control has no undesirable influence
on the inner characteristics such as the arm currents and capac-
itor voltages.

The second group of the steady-state comparison results of
the control without and with the proposed suppression method
when n = 143 r/min and ωh = 393 rad/s are given in Fig.
12. The actual measured frequency of the output current is
nearly 5.9 Hz, and the frequency of the injected components is
62.5 Hz. The load torque is increased and set to be 70% rated
value. The modulation M is larger in these conditions since both
the speed and load torque are increased, thus the proportion of
the harmonics around ωh should also increase.

Fig. 12(a) shows the output current of the control without
the proposed suppression and its FFT analysis. Similarly, the
output current is also distorted by the injection in this situation.
The FFT analysis results show the two groups of the harmonics:
1) around ωh , 3ωh , 5ωh , etc., which are around 62.5, 187.5,
312.5 Hz, etc.; the dominant harmonics in this group are around
62.5 Hz; 2) around 2ωh , 4ωh , 6ωh , etc., which are around 125,
250, 375 Hz, etc.; the dominant harmonics in this group are
around 125 Hz. The frequencies of the largest harmonics are
very close to 119.1 and 130.9 Hz (2ωh–ω and 2ωh + ω, ω
= 2π × 5.9 = 11.8π, ωh = 2π × 62.5 = 125π). Besides, the
proportion of the harmonics around ωh is clearly increased in
comparisons with the first group waveforms in Fig. 11(a) since
the modulation M is larger. As a result, with the acceptable
errors, the FFT analysis results evidently prove the validity of
the proposed derivations of the harmonic components in the
output currents.

Fig. 12(b) shows the output current and the FFT analysis
of applying the proposed suppression control. It can be seen
from the FFT results that all the harmonic currents are effec-
tively reduced, and the THD is 3.15%, cut by more than half
in comparison with the 7.17% in Fig. 12(a). Consequently, the
performances of the output currents are improved when the pro-
posed suppression method is used. Similarly, according to the
comparison results of the arm currents in Fig. 12(c) and (d) and
the capacitor voltages in Fig. 12(e) and (f), the proposed control
focuses on the output behaviors and has no adverse influence on
the arm currents and capacitor voltages.

In conclusion, the steady-state experimental comparison re-
sults evidently verify the correctness and effectiveness of the
proposed analysis for the output harmonics and the suppression
method. The output harmonic currents are greatly reduced with
more than half of the THD, demonstrating satisfying perfor-
mances for the motor brought by the proposed control.
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Fig. 14. Comparison results of the start-up process of control without and with the proposed suppression method.

B. Experimental Waveforms of the Transient Performances

The first group of the experimental results of switching on the
proposed suppression method is given in Fig. 13. The conditions
are the same as the first group of the steady-state waveforms: n
= 57.2 r/min, ωh = 314 rad/s, and the load torque is half of the
rated value. The system starts without the proposed control, and
the proposed suppression control is switched on at the middle
of the waveforms, and the detailed time instant for starting the
proposed method is shown as the red dashed line in Fig. 13.
The output current is shown in Fig. 13(a), and the current is
obviously distorted by the injection. After the proposed control
is switched ON, the harmonics are suppressed rapidly as shown
in the expanded waveforms near the switched point, and the
operation process is fast and smooth without any overshoot or
oscillations. What is more, the amplitude of the output current is
also reduced after using the proposed method due to the decrease
of the harmonics. Meanwhile, the arm currents in Fig. 13(b) and
the capacitor voltages in Fig. 13(c) demonstrate no overshoot
or oscillation either when switching ON the proposed control,
since it only changes the output characteristics. Consequently,
the dynamic waveforms in Fig. 13 prove the fast responses of
the proposed suppression control and reliable performances for
improving the output currents.

Fig. 14 shows the experimental comparison results of the
start-up process of control without and with the proposed sup-
pression method. For both groups, the motor starts from stand-
still to 143 r/min, and the frequency of the injected components
is 50 Hz.

Fig. 14(a) shows the output current of the control without the
proposed method. It can be observed from the two expanded
waveforms in Fig. 14(a) that the current is clearly distorted.
Meanwhile, using the proposed suppression method, the out-
put harmonic currents in Fig. 14(b) are effectively reduced as
shown in the expanded figures. Generally, with the increase of
the speed, a delay caused by the LPF in the proposed control
will appear and lead to the inaccuracy of the harmonic detection.
Nevertheless, the inertia of the motor is normally quite large,
and the response of the speed is not very fast in comparison
with the control periods, thus the delay in the harmonic detec-
tion can be totally accepted as shown in Fig. 14(b). Therefore,
the proposed suppression method can be applied in the start-up
process or other situations that the speed changes with satisfy-
ing effects on the output currents. Besides, the arm currents in
Fig. 14(c) and (d) and the capacitor voltages in Fig. 14(e) and
(f) show little differences, since the suppressed harmonics are
too small in comparison with the dominant injected components
and fundamental components in the arms, which indicates that
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the proposed method only focuses on improving the output char-
acteristics. Consequently, the comparison results of the start-up
process in Fig. 14 prove that the proposed control is qualified in
the start-up process to evidently suppress the harmonics in the
output currents.

VI. CONCLUSION

This paper studied and derived the novel comprehensive rela-
tions between the output harmonic currents and the inner char-
acteristics caused by the injection method for the low-frequency
fluctuation, and the essential reason for the distorted output cur-
rents is revealed with the theoretical proof. The existing output
harmonics are summarized, and the expressions of the dominant
components are also derived, which gives an accurate reference
for the controller design. What is more, this paper proposes
a new suppression method that effectively reduces the output
harmonic currents with greatly decreased THD for favorable
output performances and improved efficiency. Combining the
feedback and feedforward control, the proposed method is sim-
ple and practical with fast responses and reliable behaviors. The
simulation results on PSCAD/EMTDC and experimental results
on an experimental setup of MMC-based motor drive prove the
validity and correctness of the presented analysis and calcula-
tions of the output harmonics, and the harmonics in the output
currents are definitely suppressed by the proposed method for
half reduced THD with satisfying dynamic responses and reli-
able performances.

In conclusion, the presented analysis gives an in-depth study
of the output current distortion and provides an accurate and
useful reference for the controller design. The proposed sup-
pression control is greatly suitable and efficient for the applica-
tions of MV variable-speed drive with MMC, especially for the
superior output harmonic characteristics in the low-frequency
region. To achieve greater control performances, more research
on advanced controllers and parameter designing based on
an accurate and practical system model can be studied in
future.
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