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Abstract—It is generally considered that feedback control of
input currents in the matrix converter (MC) is hard to be realized
due to the coupling of input control and output control, which
reduces the degree of freedom and robustness. Moreover, under
unbalanced input voltages, the coupling also results in severe
distortion of input currents when the commonly used feedforward
compensation control method with fixed input power factor
is adopted. To address these two issues, this paper proposes a
feedback control strategy on the input side of MC. This strategy
is based on a control method which can modify input reference
currents. The input control strategy is embedded into the output
control strategy and thus is the inner loop of the system control.
The input-side controllers can be designed to achieve expected
input control objectives and maintain the output performance at
the same time. On this basis, resonant controllers are applied to
regulate input currents and instantaneous active power, so as to
directly eliminate the input current harmonics and meanwhile
ensure the load absorbing constant active power under unbalanced
input voltages. The validity and feasibility of the proposed strategy
are verified by the simulation and experimental results.

Index Terms—Feedback control, input current control, matrix
converter, resonant controller, sinusoidal input currents, unbal-
anced input voltages.

I. INTRODUCTION

MATRIX converter (MC) is a direct ac–ac power con-
verter, featuring no energy storage elements on the dc

bus. Compared with back-to-back (B2B) voltage-source con-
verter, MC has the advantages of smaller volume and lighter
weight [1], [2], and has been applied to motor drives [3], unified
power flow controller [4], distributed generation system [5], etc.

Due to the lack of energy storage elements on the dc bus,
the input control and output control of MC are closely coupled
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[6]. A general opinion in literature is that the coupling leads
to a lower degree of freedom and less robustness of MC than
the B2B converter [1], [6]. This is because the phase angle of
input current vector can be predetermined, but the amplitude
has to adjust itself passively through the load current segments
[1], [6]. Therefore, the input current control is not directly con-
trolled and MC does not allow for feedback control of input
currents. Haruna and Itoh [7] tried to apply closed-loop control
based on PID controllers to the regulation of input currents.
However, the authors of [7] then found that the feedback control
on the input side turned out to be conflicted with that on the
output side [8], which could degrade output performance and
thus was of low practical value.

On the other hand, the input–output coupling enables the in-
put disturbances to be transferred directly to the load, thereby
influencing the waveform quality on the output side. In practical
application, the utility grid usually serves as the power supply
of MC and thus input voltages are likely to be unbalanced due
to the numerous asymmetric loads in the power grid. To avoid
low-order harmonics in output currents resulting from input un-
balance, the input control and output control need to coordinate
with each other [9]. The most common control method in prac-
tice is the feedforward compensation of input voltage amplitude
[10]. In this method, the real-time values of three-phase input
voltages are measured to calculate their instantaneous ampli-
tude. Then, the modulation index of MC is corrected according
to the obtained input voltage amplitude. Besides, the input power
factor angle is usually fixed at a constant value (e.g., 0 to achieve
unit power factor operation). Casadei et al. [11] proved that this
common method would result in considerable third, fifth, and
other odd order harmonics in input currents when the input
voltages were unbalanced. Consequently, the highly distorted
input currents lead to poor quality of power supply. Therefore,
it is necessary to reduce input current harmonics of MC under
unbalanced input voltages. Casadei et al. [11] proposed an im-
proved control method which dynamically modified the input
power factor angle according to the positive and negative se-
quence components of input voltages, rather than fixing it at a
constant value. Simulation and experimental results [11]–[13]
demonstrated that this improved control method could obtain
sinusoidal input currents when input voltages are unbalanced,
while does not influence the waveform quality of output cur-
rents. The idea of this method is adopted by some researchers.
Similar control methods for sinusoidal input currents were re-
alized in [14] and [15] based on enhanced double-line voltage
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Fig. 1. Structure of the MC system.

synthesis algorithm, in [16] with online optimization of duty
cycles, and in [17] utilizing mathematical construction method.
In addition, Li et al. [17] showed that if the input current vector
angle was only imposed along the positive sequence vector of
input voltages, the harmonics content of input currents was less
than the conventional control method presented in [10] but larger
than the improved method in [11]. Lei et al. [18] simplified the
realization of the improved method in [11], which only needed a
notch filter to obtain the expected input power factor angle. Yet,
most of these methods were highly dependent on the sequence
decomposition algorithms and/or input voltage sampling.

In voltage-source converters, it is common to eliminate
input current harmonics under unbalanced input voltages by
incorporating resonant controllers into the closed-loop control
method of input currents [19]. However, there is no correspond-
ing achievement for MC due to the general opinion that feed-
back control of input currents is difficult to realize. Lei et al.
[20] presented a control method for MC which could directly
control input currents without affecting the output performance.
This control method enables the realization of a novel active
damping control strategy of equivalent damping performance
with passive damping control. Based on the method in [20], a
feedback control strategy on the input side of MC is proposed
in this paper. This strategy includes closed-loop control of in-
put currents and input active power. In this control strategy,
resonant controllers are adopted to regulate input currents and
active power, so as to eliminate the input current harmonics di-
rectly and keep the active power constant as required by load.
Compared with the conventional control method, the proposed
method can improve the waveform quality of input currents
dramatically without degrading the waveform quality of output
currents.

This paper is organized as follows: Section II presents the
proposed feedback control strategy on the input side of MC;
Section III discusses the harmonic distribution of input cur-
rents under unbalanced input voltages and the controller de-
sign to eliminate the current harmonics; Section IV introduces
the simulation and experimental results; Section V draws the
conclusion.

II. FEEDBACK CONTROL STRATEGY ON THE INPUT SIDE OF MC

A. Conventional Control Method

Fig. 1 illustrates the MC system structure studied in this paper.
The indirect matrix converter (IMC), which is composed of a
rectifier stage and an inverter stage, serves as the ac–ac power
converter between power supply and load. IMC can also be

Fig. 2. Conventional control method of feedforward compensation with fixed
input power factor angle [10].

Fig. 3. Improved control method of MC in [20].

replaced by direct matrix converter since they have the same
function [1].

The principle of the conventional control method presented
in [10] is shown in Fig. 2. The three-phase input voltages uiA ,
uiB , and uiC are sampled to calculate their αβ-axis components
uiα and uiβ via Clarke transformation. Based on polar transfor-
mation, the instantaneous amplitude uim and phase angle θiu of
input voltage vector are obtained. The input power factor angle
ϕi which is usually fixed at 0 for unit power factor operation is
added into θiu , and then the phase angle θii of input current is
obtained. u∗

om and θou are the amplitude and phase angle of the
expected output voltage vector separately, which are generated
by open-loop or closed-loop output control. The modulation in-
dex m is calculated with uim , u∗

om , and ϕi . After m, θii , and θou
are obtained; the space vector modulation (SVM) algorithm can
be implemented in digital controller [21].

B. Improved Control Method to Make Input Reference
Currents Modifiable [20]

Fig. 1 shows that when the conventional control method gen-
erates the modulation signals m, θii , and θou , only the phase
angle θii of input current vector is directly controlled, but not
the amplitude. This is the reason why MC does not allow for the
feedback control of input currents [1], [6], [22]. Lei et al. [20]
present an improved control method, of which the principle is
illustrated in Fig. 3. In this method, the output control produces
the expected value P ∗

i of active power and the dc-bus current
idc defined in [20]

P ∗
i = 1.5

(
u∗

oα ioα + u∗
oβ ioβ

)
(1)

idc =

√
3(u∗

oα ioα + u∗
oβ ioβ )

2u∗
om

(2)
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where u∗
oα and u∗

oβ are the αβ-axis components of output refer-
ence voltages; ioα and ioβ are the αβ-axis components of output
currents. P ∗

i and idc can also be calculated in rotating frame.
Based on instantaneous power theory [23], the input reference
currents i∗iα and i∗iβ is obtained from (1)

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

i∗iα =
P ∗

i (uiα − tan ϕiuiβ )
1.5(u2

iα + u2
iβ )

i∗iβ =
P ∗

i (uiβ + tan ϕiuiα )
1.5(u2

iα + u2
iβ )

.

(3)

After i∗iα and i∗iβ are obtained, the modulation index m and
the input current vector angle θii can be calculated [20]

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

m =

√(
i∗iα
idc

)2

+
(

i∗iβ
idc

)2

θii = a tan 2
(

i∗iβ
idc

,
i∗iα
idc

)
.

(4)

According to the analysis in [20], the improved control
method shown in Fig. 3 has exactly the same input–output
transfer function with the conventional control method shown
in Fig. 2. However, the improved method could directly control
the αβ-axis components (equivalently the amplitude and phase
angle) of input currents. Therefore, it enables the realization of
some input control strategies which require input currents to be
directly controllable. For example, Lei et al. [20] modified the
input reference currents with the derivations of actual values,
realizing a novel active damping control strategy on the input
side which has the same damping performance with passive
damping control.

C. Block Diagram of the Proposed Control Strategy

Since the improved control method shown in Fig. 3 com-
pletely controls the input currents, a feedback control strategy
on the input side of MC is developed by this paper, which is
shown in Fig. 4. Fig. 4(a) shows the control block of the whole
system while Fig. 4(b) illustrates the detailed structure of the
input control strategy. As it can be seen from Fig. 4, the in-
put control includes closed-loop control of input active power
and input currents. GP (s) and GI (s) are the controllers on the
forward path, respectively, while FP (s) and FI (s) are the con-
trollers on the feedback path separately. The closed-loop control
of input active power produces the modified reference values
P ∗∗

i , which are used to replace P ∗
i in (3) to calculate the input

reference currents i∗iα and i∗iβ . The closed-loop control of input
currents produces the modified input reference currents i∗∗iα and
i∗∗iβ , which are used to replace i∗iα and i∗iβ in (4) to calculate the
modulation signals m and θii . In Fig. 4, the actual input active
and reactive power are calculated based on instantaneous power
theory [23]

Pi = 1.5 (uiα iiα + uiβ iiβ ) . (5)

It is noted that the control strategy is given in stationary frame,
so as to maintain the consistence of this paper, but it is certainly
applicable to the rotating frame.

Fig. 4. Feedback control strategy on the input side of MC.

Fig. 4 shows that the feedback control on the input side is the
inner loop of the whole system control, while the output control
is the outer loop. Therefore, by designing appropriate control-
lers in the inner loop, it is possible to achieve some control ob-
jects on the input side without affecting the output performance.
In Fig. 4(b), the closed-loop control of input currents is similar
to that in voltage-source converters. However, the closed-loop
control of input active power is specially designed for MC since
its function is to maintain the active power constant as required
by load, in case that the input current control influences the
constant active power absorbed by load.

It should be stated here that the conventional control method
shown in Fig. 1 can achieve satisfactory input performance under
ideal conditions, and thus it is unnecessary to adopt the input
feedback control strategy shown in Fig. 4. Nevertheless, in some
cases, the input performance can be enhanced by the feedback
control. For example, the feedback control strategy is applied to
eliminate the input current harmonics under unbalanced input
voltages, which will be introduced in Section III.

III. ELIMINATION OF INPUT CURRENT HARMONICS UNDER

UNBALANCED INPUT VOLTAGES

In this section, the feedback control strategy shown in Fig. 4
is used to eliminate the input current harmonics caused by un-
balanced input voltage. Section III-A introduces the harmonic
distribution of input currents under unbalanced input voltages.
Section III-B and C presents the controller design for the closed-
loop control of input currents and active power, respectively.
Section III-D proves that closed-loop control of input active
power does not affect the performance of input current control.
To simplify the control strategy, the input power factor angle ϕi

is fixed at 0.
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A. Input Current Harmonics With the Conventional
Control Method

Supposing the input voltages are sinusoidal, the αβ-axis com-
ponents can be expressed as [15]

{
uiα = Uip cos (ωit + ϕiup) + Uin cos (ωit − ϕiun)

uiβ = Uip sin (ωit + ϕiup) − Uin sin (ωit − ϕiun)
(6)

where Uip and ϕiup are the amplitude and phase angle of pos-
itive sequence voltage, while Uin and ϕiun are the amplitude
and phase angle of negative sequence voltage; ωi is the input
voltage frequency. Uin is 0 if input voltages are balanced and
is nonzero otherwise. By substituting (6) into (3) and analyzing
the spectrum, the input reference currents can be expressed in
the form of Fourier series [11]

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

i∗iα =
P ∗

i

∑∞
k=0 (−λ)k cos [(2k + 1) ωit + ϕiuk ]

1.5Uip

i∗iβ =
P ∗

i

∑∞
k=0 (−λ)k sin [(2k + 1) ωit + ϕiuk ]

1.5Uip

(7)

where ϕiuk is phase angle of the (2k+1)th current harmonic;
symbol λ is equal to Uin/Uip , representing the unbalanced de-
gree of input voltages.

According to Fig. 3, the conventional control method of feed-
forward compensation with fixed input power factor angle re-
sults in a lot of odd harmonics in the reference values of input
currents, which are directly transferred into the actual values
and thus lead to the degraded input power quality. In addition,
as shown by (7), the ratio of the amplitude of (2k+1)th harmonic
component to that of the fundamental component is denoted as
h2k+1

h2k+1 = λk . (8)

Therefore, h2k+1 is a power function of the unbalanced degree
λ. Besides, h2k+1 drops exponentially with the harmonic order,
since λ is generally less than 1.

In practice, the unbalanced degree λ of the grid voltages is
usually less than 2% [24], but it could increase to more than 5%
under abnormal condition. In this paper, the maximum of λ is
supposed to be 15%, which could cover most practical cases.
According to (8), when λ varies in the range of [0, 15%], the
values of h3 , h5 , h7 , and h9 which represent the contents of
third, fifth, seventh and ninth harmonics are shown in Fig. 5.
From Fig. 5, it is clear that the third harmonic is primary in
the whole range. When λ increases, h5 increases up to 2.25%
which is also noticeable. On the contrary, h7 and h9 are less
than 0.5% which are ignorable in the whole range. To sum up,
the conventional control method results in many third and fifth
input current harmonics which are necessary to be eliminated.

B. Controller Design for the Input Current Loop

According to the discussion in Section III-A, the input
reference currents with conventional control method contain
considerable third and fifth harmonics, which will directly be
transferred into the actual currents. To eliminate the current
harmonics, resonant controllers are applied to the closed-loop

Fig. 5. Harmonic contents h2k+1 in input currents with the conventional
control method, when the unbalanced degree λ varies in the range of [0, 15%].

Fig. 6. Signal flow graphs of closed-loop control of αβ-axis input currents.

control of input currents. The designed controllers GI (s) and
FI (s) are

GI (s) = 1, FI (s) =
KRI3s

s2 + (3ωi)
2 +

KRI5s

s2 + (5ωi)
2 . (9)

Namely, the forward path is directly feed through while the
feedback controller FI (s) is composed of two resonant con-
trollers in parallel, whose center frequencies are 3ωi and 5ωi ,
respectively, and proportional coefficients are KRI3 and KRI5 .
Certainly, if the contents of seventh and ninth harmonics are
also significant, resonant controllers whose center frequencies
are seventh and ninth can be incorporated into FI (s) to eliminate
these harmonics. However, as it can be seen from (8) and Fig. 5,
the harmonic contents of seventh and above are less than 0.5%
even when the unbalanced degree λ is up to 15%. Therefore,
only the two controllers in (9) are adopted in this paper.

Ignoring the time-delay effect generated by pulse width mod-
ulation control of MC, the signal flow graphs of the closed-loop
control of αβ-axis input currents are shown in Fig. 6. From
Fig. 6, the closed-loop transfer function of input currents is

HI (s) =
GLC (s)

1 + FI (s)GLC (s)
(10)

where GLC(s) is the open-loop transfer function and is decided
by the input LC-filter

GLC (s) =
Lf

Rd
s + 1

Lf Cf s2 + Lf

Rd
s + 1

. (11)

According to (9) and (11), the gains of FI (s) at the frequency
of 3ωi and 5ωi are infinite [25] while the gains of GLC (s) at
these two frequencies are approximately unit. As a result, the
gains of HI (s) at these two frequencies are zero, which can
also be found from the frequency response of HI (s) shown
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Fig. 7. Frequency responses of GLC (s) and HI (s).

Fig. 8. Signal flow graph of closed-loop control of input active power.

in Fig. 7. To highlight the control performance of HI (s), the
frequency response of GLC(s) is also shown in Fig. 7. It can
be seen from Fig. 7 that compared with GLC(s), HI (s) reduces
the gains at 3ωi and 5ωi to zero without changing the gains
at the fundamental frequency and high frequencies. Therefore,
the closed-loop control of input currents only eliminates the
third and fifth harmonics, but does not affect the fundamental
components and the filtering performance of the LC filter.

C. Controller Design for the Input Active Power Loop

According to the frequency response of HI (s), the closed-
loop control of input currents can completely remove the third
and fifth harmonics. Ignoring other minor harmonics, the actual
input currents iiα and iiβ only contain fundamental components,
which can be expressed as [11]

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

iiα =
P ∗

i cos (ωit + ϕiup)
1.5Uip

iiβ =
P ∗

i sin (ωit + ϕiup)
1.5Uip

.

(12)

By substituting (6) and (12) into (5) and performing some
basic trigonometric function operation, the actual input active
power Pi is obtained

Pi = P ∗
i + ΔPi (13)

where ΔPi is the power disturbance and is expressed as follows:

ΔPi = λP ∗
i cos (2 ωit + ϕiup − ϕiun) . (14)

Therefore, the actual input active power Pi is not equal to its
reference value P ∗

i , but is equal to P ∗
i added with an ac compo-

nent, whose frequency is 2ωi and amplitude is proportional to
P ∗

i and the unbalanced degree λ.
(13) shows that although the input current feedback control

can eliminate the third and fifth current harmonics, it results in

TABLE I
AMPLITUDES OF THE THREE-PHASE INPUT VOLTAGES AND THE POSITIVE AND

NEGATIVE SEQUENCE VOLTAGES UNDER DIFFERENT UNBALANCED DEGREES

λ (%) U iA (V) U iB (V) U iC (V) U ip (V) U in (V)

0 169.7 169.7 169.7 169.7 0.0
5 155.0 184.4 8.5
10 140.3 199.1 17.0
15 125.4 214.0 25.5

TABLE II
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

Variables Description Values

Input LC filter
Lf Filter inductor 1 mH
Cf Filter capacitor 12.6 μF
Rd Damping resistor 19 Ω
IMC power setup
IGBT module Power module of rectifier stage APTGT50TDU60PG

Power module of inverter stage PM75RLA060
Load
LL Load inductor 2 mH
RL Load resistor 7 Ω
Fo Output frequency 80 Hz
Controller
DSP Digital signal processor TMS320F28335
CPLD Complex programmable logic device EPM1270T144C8N
ADC Analog-to-digital converter ADS8568
DAC Digital-to-analog converter AD5438
fs a m p l in g Sampling frequency 20 kHz
fsw i t ch in g Switching frequency of rectifier stage 10 kHz

Switching frequency of inverter stage 20 kHz

the harmonic of 2ωi in input active power. Due to the absence
of dc-bus energy storage elements, this active power harmonic
could directly be transferred to the output side, degrading the
waveform quality of output currents.

To maintain the output performance, the resonant controller is
further applied to the input active power feedback control. Sim-
ilar to the input current feedback control, the resonant controller
is also located in the feedback path, namely

GP (s) = 1, FP (s) =
KRPs

s2 + (2ωi)
2 (15)

where KRP is the proportional coefficient of FP (s).
According to Fig. 4(b) and (13), Fig. 8 shows the signal flow

graph of closed-loop control of input active power. In Fig. 8,
P ∗

ie is the additional control signal generated by the feedback
controller FP (s). GIP (s) is the open-loop transfer function from
P ∗

i and ΔPi to the active power Pi , which is decided by the input
current control. In (13), GIP(s) is ignored since only the steady-
state value of active power is considered. However, in Fig. 8,
GIP(s) is added into the signal flow graph so as to analyze
the closed-loop transfer function HP (s) of active power. From
Fig. 8, the expression of HP (s) is

HP (s) =
GIP (s)

1 + FP (s) GIP (s)
. (16)
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Fig. 9. Simulation results: (a) input voltages, (b) output currents with conventional control method, (c) output currents with the proposed control strategy,
(d) input currents with conventional control method, and (e) input currents with the proposed control strategy.

It can be found from (15) and (16) that the gain of HP (s)
at 2ωi is zero due to the infinite gain of FP (s) at 2ωi ,
regardless of the gain of GIP (s) at 2ωi . Therefore, the power
disturbance ΔPi of 2ωi cannot be transferred to the actual
input active power. This means that the closed-loop control of
input active power can eliminate the power harmonic caused by
the closed-loop control of input currents and thus the waveform
quality of output currents could be maintained.

D. Effect of Active Power Control on the Input
Current Control

In the analysis of input current feedback control in
Section III-B, the effect of closed-loop control of input active
power is not considered. Namely, the modified active power
P ∗∗

i generated by the active power control loop is assumed to
be constant, just the same with the unmodified value P ∗

i . This
part proves that the assumption is reasonable.

Since FP (s) has infinite gain at 2ωi , the additional control
signal P ∗

ie output by it could completely compensate the power
disturbance ΔPi caused by the input current control. Conse-
quently, P ∗

ie is equal to ΔPi at the steady state. According to
Fig. 8 and (14), the modified active power P ∗∗

i at steady state
can be written as

P ∗∗
i = P ∗

i − P ∗
ie = P ∗

i − λP ∗
i cos (2 ωit + ϕiup − ϕiun) .

(17)
Obviously, P ∗∗

i contains an ac component whose frequency
is 2ωi . With P ∗

i in (3) replaced by P ∗∗
i and ϕi = 0 substituted

into (3), the input current reference values i∗iα and i∗iβ are

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

i∗iα =
P ∗

i uiα

1.5(u2
iα + u2

iβ )
− P ∗

ieuiα

1.5(u2
iα + u2

iβ )

i∗iβ =
P ∗

i uiβ

1.5(u2
iα + u2

iβ )
− P ∗

ieuiβ

1.5(u2
iα + u2

iβ )
.

(18)
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Fig. 10. When the unbalanced degree of input voltages is 15%, waveforms of output currents (iou , ioV , ioW ) and dc-bus voltage (udc ) and the harmonic
distribution of phase-U output current: (a) with conventional control method and (b) with the proposed strategy.

Fig. 11. When the unbalanced degree of input voltages is 15%, waveforms of input currents (iiA , iiB , iiC ) and dc-bus voltage (udc ) and the harmonic distribution
of phase-A input current: (a) with conventional control method and (b) with the proposed strategy.
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According to (3) and (7), the Fourier series of the first items
on the right hand of the equations in (18) are composed of the
third, fifth, and other odd harmonics in addition to the funda-
mental components. Considering that the frequency of P ∗

ie is
2ωi , it is easy to find that the second term on the right hand of
equation (18) also contains third, fifth, and other odd harmonics.
Therefore, the input active power feedback control changes the
contents of the odd harmonics in the input reference currents i∗iα
and i∗iβ , but does not generate harmonics of new orders. From
the viewpoint of input current feedback control, the modified ac-
tive power reference P ∗∗

i with ac component whose frequency
is 2ωi has no difference with the unmodified constant value P ∗

i ,
since the closed-loop control of input currents can remove the
odd harmonics completely.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Simulation and Experimental Conditions

In order to verify the effectiveness of the proposed con-
trol strategy, an IMC prototype is built by this paper and
a corresponding simulation model is constructed in the
MATLAB/Simulink software.

To produce the unbalanced input voltages, a programmable
ac power source is selected as the power supply of IMC. In sim-
ulation and experiments, the input frequency is 50 Hz, and the
phase difference between each two phases is 120°. The ampli-
tude of phase-B input voltage is fixed at 169.7 V (corresponding
to RMS 120 V). Different unbalanced degrees are achieved by
changing the amplitudes of the other two phases. The amplitudes
of three phases input voltages, the positive sequence voltages,
and the negative sequence voltages under different unbalanced
degrees are shown in Table I.

The parameters of the experimental prototype are shown in
Table II. In experiments, the commonly used current feedback
control in rotating frame is applied to the output side. The output
frequency is 80 Hz and the reference amplitude of the output
currents is fixed at 10 A. The SVM of symmetrical switching
pattern is applied to IMC, resulting in different switching fre-
quencies of the rectifier stage and inverter stage, which are 10
and 20 kHz separately.

In simulation model, the power switches of IMC are ideal,
the control method is realized by Simulink modules, and the rest
parameters are the same with those shown in Table II.

In simulation and experimental results, the conventional con-
trol method of feedforward compensation with fixed input power
factor angle is also comparatively verified, in order to highlight
how the proposed control strategy improves the input power
quality.

B. Simulation Results

Fig. 9 shows the simulation results. Three-phase input volt-
ages are illustrated in Fig. 9(a). The total simulation time is
0.2 s. The input voltages are balanced in the first 0.1 s while are
unbalanced in the last 0.1 s with an unbalanced degree of 15%.
Fig. 9(b) and (c) shows the output currents with conventional
control method and the proposed strategy, respectively. From

Fig. 12. Waveforms of input currents (iiA , iiB , iiC ) and dc-bus voltage (udc )
with the conventional control method under different unbalanced degree λ:
(a) λ = 0 (input voltages are balanced), (b) λ = 5%, and (c) λ = 10%.

these two subfigures, it is found that the output currents with
the two methods are all sinusoidal no matter whether the input
voltages are balanced or not. Fig. 9(d) and (e) shows the input
currents. When input voltages are balanced, the input currents
are sinusoidal with both methods. However, in the unbalanced
case, the input currents are severely distorted with the con-
ventional control method, but are sinusoidal with the proposed
strategy. In summary, the simulation results prove that com-
pared with the conventional control method, the proposed strat-
egy can improve the input currents dramatically while maintain
the waveform quality of output currents.

C. Experimental Results

In experiments, the dc-bus voltage, input and output currents
are measured with voltage probes and current probes separately
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Fig. 13. Waveforms of input currents (iiA , iiB , iiC ) and dc-bus voltage (udc )
with the proposed method under different unbalanced degree λ: (a) λ = 0 (input
voltages are balanced), (b) λ = 5%, and (c) λ = 10%.

whose bandwidths are 30 MHz. The measured data are also used
for harmonic analysis in the MATLAB software.

Fig. 10 shows the three-phase output currents and the har-
monic distributions of phase-U output current with the con-
ventional control method and the proposed strategy, when the
unbalanced degree of input voltages is 15%. In addition, the
waveform of the dc-bus voltage udc is also given in Fig. 10, so
as to indicate that the input voltages are unbalanced. As can be
seen from Fig. 10, the contents of low-order harmonics in output
currents with the two control methods are less than 0.5%, even
if the unbalanced degree of input voltages is up to 15%, show-
ing satisfactory waveform quality. The total harmonic distortion
(THD) of output currents is larger than 3.0% due to the high-
order harmonics around the switching frequency, which can be
reduced by increasing the value of load inductor or switching

Fig. 14. When the unbalanced degree of input voltages varies in the range
[0, 15%], the harmonic contents of phase-U output current and phase-A in-
put current with the conventional control method and the proposed strategy:
(a) THD of output current, (b) THD of input current, (c) content of third har-
monic in input current, and (d) content of fifth harmonic in input current.

frequency. Fig. 11 shows the input currents and the harmonic
distribution of phase-A input current with the two control meth-
ods. With the conventional control method, the THD of input
current is up to 15.02%, the content of third harmonic is about
15%, and the content of fifth harmonic is about 2%, which is
corresponding to the theoretical analysis in Section III-A. On
the contrary, the THD of input current drops to 3.40% by adopt-
ing the proposed control strategy. In particular, the contents of
the major low-order harmonics are less than 1%, indicating that
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sinusoidal input currents are obtained. The high-order harmon-
ics contribute to the THD of input currents, which can be reduced
by increasing the damping resistor Rd [26] or by applying active
damping control strategy [20], [22], [27].

The conventional control method and the proposed strategy
are further comparatively evaluated under different unbalanced
degree of input voltages. The waveforms of output currents with
both methods are almost the same with those shown in Fig. 10,
but the waveforms of input currents are different which are pre-
sented in Figs. 12 and 13. By comparing Figs. 12 and 13, it
can be found that the input currents with conventional control
method become more and more distorted with the increase of
unbalanced degree λ. On the contrary, the input currents with
the proposed method maintain sinusoidal when λ varies. The
harmonic analysis results of output currents and input currents
are shown in Fig. 14. It is found from Fig. 14(a) that both the
two methods can achieve satisfactory waveform quality of out-
put currents when the unbalanced degree varies from 0% to
15%, since the THDs are all around 3.0%. Fig. 14(b) shows
the THDs of input currents with the two control methods. It
is clear that the THD of input current with the conventional
control method increases rapidly to 15%, but keeps below 4%
with the proposed control strategy. According to the analysis in
Section III, the third and fifth harmonics are the primary har-
monics, and thus they are illustrated in Fig. 14(c) and (d). With
the increasing unbalanced degree λ, the contents of the third and
fifth harmonics with conventional control method both go up at
the rate similar with that shown in Fig. 5, but are suppressed to
1% and lower with the proposed control strategy.

From Figs. 11 to 14, it can be concluded that compared with
the conventional control method, the proposed strategy can im-
prove the waveform quality of input currents remarkably when
the unbalanced degree of input voltages are in the considered
range of [0, 15%]

V. CONCLUSION

The feedback control strategy on the input side of MC is pro-
posed by this paper based on a control method which enables
input reference currents to be modifiable. This control strategy
includes closed-loop control of input currents and input active
power. By designing appropriate controllers, the input control
object can be achieved without degrading the output perfor-
mance. The proposed control strategy not only addresses the
issue that closed-loop control of input currents is difficult to
realize, but also helps to increase the degree of freedom and
robustness of MC.

This paper then adopts the proposed control strategy to elim-
inate the input current harmonics under unbalanced input volt-
ages, with resonant controllers designed in the active power
loop and input current loop. By applying the proposed control
strategy, sinusoidal input currents are obtained, while wave-
form quality of output currents is maintained. The simulation
and experimental results demonstrate that the proposed strategy
obtains sinusoidal input currents while maintains good wave-
form quality of output currents, when the unbalanced degree of
input voltages is up to 15%.
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