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Abstract—Indirect matrix converter (IMC)’s source current
may contain low-order harmonics caused by asymmetric mod-
ulation in a variable-speed-constant frequency generation sys-
tem. However, without capacitor/inductor decoupling effect, IMC’s
source current depends on loads and cannot be controlled indepen-
dently. In this paper, the expressions of source current harmonics
in the synchronous rotating reference frame are analyzed first. It
leads to the conclusions that the only uncontrollable part of the
source current is its d-axis dc component, and the quality of the
source current can be improved by suppressing the harmonics. On
the basis of above analysis, a novel source current control strategy
is proposed for an IMC with asymmetric modulation, which can
improve the source current quality and correct the input power
factor. Self-tuning resonant controllers and a proportional integral
controller are employed to achieve above goals. The stability of
the system is also analyzed considering the change of input impen-
dence after adding the source current control, which can be used
as the guidance for the selection of control parameters. Finally, the
validity and the feasibility of the control strategy are verified via
experiments.

Index Terms—Asymmetric modulation, indirect matrix con-
verter (IMC), self-tuning resonant controller (STRC), source
current control, stability analysis.

NOMENCLATURE

−→e Source voltage [ea , eb , ec ]T /[ed, eq ]T .
−→
is Source current [isa , isb , isc ]T /[isd , isq ]T .
−→ui Input voltage [uia , uib , uic ]T /[uid , uiq ]T .
−→
ii Input current [iia , iib , iic ]T /[iid , iiq ]T .
−→uf Output voltage [ufu , ufv , ufw ]T /[ufd , ufq ].−→
if Output current [ifu , ifv , ifw ]T /[ifd , ifq ]T .
−→uo Load voltage [uou , uov , uow ]T /[uod , uoq ]T .
−→
io Load current [iou , iov , iow ]T /[iod , ioq ]T .
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Ls Input filter inductor.
Cs Input filter capacitor.
Rs Input filter resistor.
Rd Input filter damping resistor.
Lf Output filter inductor.
Cf Output filter capacitor.
Rf Output filter resistor.

I. INTRODUCTION

A S A DIRECT ac–ac converter, a matrix converter (MC)
has the advantages of small volume, light weight, bidirec-

tional power flow, etc. [1]. It has received substantial attention
over the past two decades from academic community and from
industry [2]. Apart from inheriting the merits of the direct MC,
the indirect matrix converter (IMC) has simpler commutation
strategy and clamp circuit [3], [4]. Thus, it has wide application
prospects in variable-speed constant-frequency (VSCF) gener-
ation systems, such as military, aerospace, and wind turbine
stand-alone generation system, which have high requirements
but extreme working conditions [5]–[7].

Due to the lack of energy storage components, the input and
output of the IMC are closely coupled, leading to a lower degree
of freedom than that of the back-to-back converter [8]. It means
that the phase angle of source current synthetic vector can be
predetermined, but its amplitude depends on the output current
and cannot be controlled independently [9]. Efforts have been
made in [10] and [11] to force source current waveforms to
follow a sinusoidal reference through PID control and predictive
control, respectively. But results show that the source waveform
improvement would actually worsen the output performance.

Influenced by wide-frequency variation range in the VSCF
generation system, IMC’s input frequency may be high in some
cases, which is a great challenge to the control performance of
the IMC. Asymmetric modulation is applied to these applica-
tions due to its simple implementation, low dissipation, small
narrow pulse probability, and so on. But it is intrinsically cou-
pled with nonlinearity. The variation of input current pulse dis-
tribution will artificially inject low-order harmonics in IMC’s
source current as the increasing of input frequency, resulting
in harmonic pollution and loss increment [12]. Rare improving
methods aiming at source current distortion caused by asymmet-
ric modulation have been published. Only a duty ratio correction
algorithm based on the difference equation is proposed in [12].
It can predict the distortion of the source current in the next pe-
riod and adjust the duty cycle to improve the quality of current
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waveform. This method suppresses the harmonics at the source,
but error still exists due to the open-loop nature.

Different from [10] and [11] considering source current as a
whole, this paper divides it into d-axis harmonics, q-axis har-
monics, d-axis dc component, and q-axis dc component, whose
analytic formulations are derived, respectively. Due to the ac
nature of harmonics in d-/q-axis, proportional resonant (PR)
control is a good choice for the system to realize closed-loop
control [13]. PR control and repetitive control, which are both
based on the internal model principle [14], can transform to
each other. According to the principle of the repetitive control
compensator, the resonant controller with a phase compensator
is derived in [15] and [16], which can set different phase com-
pensation angles at different frequencies to meet the needs of
the system. Apart from the phase compensator, the resonant
controller used in [17] also contains the damping coefficient to
reduce the influence of the frequency detection error and fa-
cilitate the digital realization. PR controllers mentioned above
are generally used in applications where variations in the res-
onant frequency are small. In order to operate with a suitable
bandwidth and phase margin over a wide-frequency range, a
self-tuning resonant controller (STRC) is adopted in [18] and
[19], which is capable of adapting itself to the command of
time-varying frequency. Based on above analysis, a closed-loop
control strategy based on the controllable parts of the source cur-
rent, namely, its d-/q-axis harmonics and q-axis dc component,
is proposed in this paper, which adopts the STRC to minimize
the low-order harmonics in source current caused by asymmetric
modulation and proportional integral (PI) controller to correct
the input power factor. Since the proposed method does not at-
tempt to control source current’s d-axis dc component, which is
mainly determined by the output current, it will not degrade the
output performance while improving source current waveforms,
as mentioned in [10] and [11].

Further investigation on the proposed source current control
strategy shows that the addition of the control strategy will
change the input impedance of the IMC to a certain extent
due to the feedforward control in the d-axis. The variation of
IMC’s input impedance may excite the resonance of an input
LC filter, which is necessary for the IMC to reduce the source
current ripple caused by switching [20]. Thus, the impacts of the
proposed control strategy on the resonance of the input filter and
the system stability are also analyzed in this paper. An active
damping method is adopted to mitigate the resonance effect in
the input side [21].

This paper is organized as follows. In Section II, the fre-
quency and expressions of the source current harmonics in
dq coordinates are analyzed according to the power balance
principle in MCs. In Section III, a novel source current con-
trol strategy referring to the controllable parts of the source
current is proposed, which adopts STRCs to inhibit the low-
order harmonics and PI to correct the input power factor
(q-axial dc component). In Section IV, the stability of the sys-
tem is analyzed considering the change of input impendence
after adding the source current control. In Section V, the va-
lidity and the feasibility of the control strategy are verified via
experiments.

Fig. 1. Diagram of the IMC-based VSCF generation system.

Fig. 2. Topology of the IMC in the VSCF generation system.

II. SOURCE CURRENT HARMONICS ANALYSIS IN THE

SYNCHRONOUS ROTATING REFERENCE FRAME

The diagram of the IMC-based VSCF generation system is
shown in Fig. 1. The generator is directly driven by an engine,
which outputs variable-frequency voltage along with the change
of engine speed. The IMC transforms the variable-frequency
voltage into desired constant-frequency constant voltage ac
source to satisfy the demand of loads.

The topology of the IMC in the VSCF generation system is
displayed in Fig. 2. The generator is replaced by a variable-
frequency ac source for simplicity. It is connected to the input
side of the IMC through an LC filter. IMC’s main power cir-
cuit is composed of a rectifier and an inverter, whose output is
connected to the loads through another LC filter.

A. Frequency Analysis of Harmonics

Dual-space vector modulation (DSVM) is the most com-
monly used modulation strategy for IMC, which can be divided
into two kinds: symmetric and asymmetric [22]. Their typical
modulation waveforms are shown in Fig. 3, where Udc is the dc-
link instantaneous voltage and Gu, Gv , and Gw are three-phase
driving signals for inverter stage.

Compared with symmetric modulation, the reduction of
switch times in inverter stage is the most important feature of
asymmetric modulation, which can bring the following advan-
tages:

1) Lower switching losses: Although the rectifier stage of
the IMC commutates at zero current, its inverter stage
works in the hard switching state. The switching losses
will reduce if there is a reduction in its switch times.

2) Smaller narrow pulse probability: When the sector angle
of rectifier or inverter stage is close to 0 or π/3, the duty ra-
tios of some space vectors are close to zero, which will be
neglected if they are smaller than commutation time. This
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Fig. 3. DC-link voltage (Udc ) of the IMC and driving signals for the inverter
stage (Gu , Gv , and Gw ) in a single period. (a) Symmetric and (b) Asymmetric
modulation.

will result in the distortion of output voltage and source
current [23]. Space vectors’ duty cycles of asymmetric
modulation are twice of those of symmetric modulation if
the two modulation methods have the same switching fre-
quency. Thus, asymmetric modulation has smaller narrow
pulse probability.

3) Weaker dead zone effect: The dead time, which is inserted
to avoid shoot-through problems, is reduced by half in a
single period. Thus, the converter suffers from a weaker
dead zone effect because of the reduction of commutation
times.

What is more, it is simpler in implementation and has a low-
switching-frequency requirement on power devices.

Unfortunately, asymmetric modulation, which is intrinsi-
cally coupled with nonlinearity, will cause (3n ± 1)ωin (n =
1, 2 . . .) harmonics in source current, where ωin is the input
angular frequency of the system [12].

Assuming that the RMSs of (3n ± 1)ωin harmonics are
ΔI3n±1 , the current expressions in abc coordinates are shown
as ⎡

⎣
Δisa 3n±1
Δisb 3n±1
Δisc 3n±1

⎤
⎦ =

√
2ΔIs 3n±1

×
⎡
⎣

sin[(3n ± 1)ωint + ϕ3n±1 ]
sin[(3n ± 1)(ωint − 2

3 π) + ϕ3n±1 ]
sin[(3n ± 1)(ωint + 2

3 π) + ϕ3n±1 ]

⎤
⎦ (1)

where Δisa 3n±1 , Δisb 3n±1 , and Δisc 3n±1 are three-phase
currents of (3n ± 1)ωin harmonics. ϕ3n±1 is the initial phase
angle of Δisa 3n±1 .

The expressions of current harmonics in dq coordinates are
denoted in (2) after transforming (1) from stationary to rotating
reference frame[

Δisd 3n±1
Δisq 3n±1

]
=

√
3ΔIs 3n±1

[
sin(3nωint + ϕ3n±1)
∓ cos(3nωint + ϕ3n±1)

]

(2)
where Δisd 3n±1 and Δisq 3n±1 are d- and q-axis components
of (3n ± 1)ωin harmonics, respectively.

It can be easily concluded from (2) that IMC’s source cur-
rent harmonics caused by asymmetric modulation also exist in
dq coordinates and their frequency are 3nωin . Qin et al. [12]
reveals that the source current contains second-, fourth-, and
fifth-order harmonics most in abc coordinates; thus, third- and
sixth-order harmonics are the main reasons causing the source
current fluctuation in dq coordinates.

B. Expression Analysis of Harmonics

According to the principle of power balance, the expression
of input current synthetic vector can be derived as

⇀
i i =

|−→uf |
∣∣∣−→if

∣∣∣ cos δ
∣∣∣⇀ui

∣∣∣ cos φ

⇀
ui∣∣∣⇀ui

∣∣∣
ejφ =

ufdifd + ufqifq
(u2

id + u2
iq) cos φ

⇀
uie

jφ (3)

where |−→ui |, |−→ii |, |−→uf |, and |−→if | represent the module values of
input/output voltage/current synthetic vector; δ is the included
angle between output voltage −→uf and current

−→
if ; and φ is the

included angle between input voltage −→ui and current
−→
ii , which

is equal to zero when the input power factor is not corrected and
is a negative number if the input power factor is corrected.

d-/q-axis components of IMC’s input current calculated from
(3) are shown as

⎧
⎨
⎩

iid = u f d if d +u f q if q

u2
id +u2

iq
(uid − uiq tan φ)

iiq = u f d if d +u f q if q

u2
id +u2

iq
(uiq + uid tan φ).

(4)

The input side of the IMC is directed by input voltage, which
means that uiq is equal to 0 all the time. According to the rela-
tionship between ufd , ufq and uod , uoq decided by the output
LC filter, (4) can be converted to

⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

iid = [uodifd + uoqifq + Rf (i2fd + i2fq)

+1
2 Lf

d
dt (i

2
fd + i2fq)]/uid

iiq = [uodifd + uoqifq + Rf (i2fd + i2fq)

+1
2 Lf

d
dt (i

2
fd + i2fq)] tan φ/uid .

(5)

When the converter is connected with constant power loads
and output control reaches steady state, ifd and ifq are constant
dc values and the differential of (i2fd + i2fq) is small. The minor

items of Rf and d
dt (i

2
fd + i2fq) can be neglected. The output side

of the IMC is directed by load voltage or load current according
to load characteristics, but their actual load voltage/current will
track the given value, leading to uod/ifd being a constant value
and uoq/ifq being zero. As a result, (5) can be simplified as

{
iid = uodifd/uid

iiq = uodifd tan φ/uid .
(6)

Use X to denote the steady-state value of x and Δx to denote
the harmonics of x. Then, the steady-state equation and the
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small-signal equation around the operating point can be derived:
{

Iid = UodIfd/Uid

Iiq = UodIfd tan Φ/Uid

(7)

{
Δiid = Uo d

U i d
Δifd − Uo d I f d

U 2
id

Δuid

Δiiq = tan Φ Δiid + Uo d I f d
U i d cos2 Φ Δφ.

(8)

The first equation of (8) shows that the harmonics of iid are
related to Δifd and Δuid . Harmonics contained in iid and uid
increase and decrease simultaneously because both iid and uid
are the state variables of the input filter. Δuid can be regarded as
a specific ac value, which is equal to 0 in the case of ideal source
voltage. If the source voltage is distorted, Δuid will be a nonzero
value triggered by Δed , which will influence Δiid undoubtedly.
Unfortunately, this part of source current harmonics cannot be
suppressed via internal control of the converter because it is
externally motivated, which is beyond the scope of this paper
and would not be discussed here. As a result, the controllable part
of Δiid is mainly determined by Δifd , which can be marked as

Δiid control =
Uod

Uid
Δifd . (9)

According to the second equation of (8), we can know that
the harmonics of iiq are relevant to Δiid and Δφ. The value of
Δiid is determined by d-axis control, which should be regarded
as a specific offset in the q-axis rather than the control variable.
Thus, the controllable part of this equation Δiiq control can be
written as

Δiiq control =
UodIfd

Uidcos2Φ
Δφ. (10)

IMC’s input current is not easy to be sampled due to its
chopping nature. And it is the source current rather than the
input current that connects to the power gird. As a result, source
current quality is the focus of our attention, whose closed-loop
control is the essence of input-side control.

For the input filter with a passive damping resistor, the transfer
function from the source current isd , isq to the input current
iid , iiq is given as

isd/q

iid/q
=

Lss + Rd + Rs

LsCsRds2 + (Ls + CsRsRd)s + Rd + Rs

= GLC(s). (11)

According to the method introduced by Qin et al. [24], input
filter parameters are designed as follows: Ls = 0.9 mH, Cs =
5 μF, Rs = 0.1 Ω, and Rd = 40 Ω. Substituting input filter
parameters into (11), a certain GLC(s) is obtained, whose bode
diagram is depicted in Fig. 4 in line 1. Line 2, which will be
used later, represents the phase-frequency curve having ωinTs

phase lag at full frequency.
Taking d-axis as an example, we can find from Fig. 4 that

GLC(s)’s bode diagram can be divided into three parts. The
critical frequencies are noted as ω1 and ω2 , respectively, which
can be calculated as

arctan GLC(jω1)= ε (12)

Fig. 4. Bode diagram of the input filter with a passive damping resistor.

{
20 lg |GLC(jω2)| = 0

arctan GLC(jω2) < 0
(13)

where ε in (12) is the tolerable deviation angle decided by
control requirements, which is equal to 2° in this paper.

Assuming that the harmonic of IMC’s input current d-
axis Δiid with a frequency of 3nωin is expressed as
ΔIsin(3nωint), Δisd is equal to kΔIsin (3nωint−ϕ), where
ΔI represents the amplitude of the harmonic, and k and ϕ
are the amplitude ratio and phase lag angle caused by input
filter resonant, respectively, whose specific values will vary
with harmonics frequency. If 3nωin < ω1 , k > 1, ϕ � 0; if
ω1 < 3nωin < ω2 , k > 1, ϕ > 0; and if 3nωin > ω2 , k <
1, ϕ > 0.

According to the relationship between Δisd and Δiid ana-
lyzed above, (9) can be written as

•
ΔIsd control =

kUod

Uid

•
ΔIfd ∠(−ϕ) (14)

where
•

ΔIsd control and
•

ΔIfd represent the phasors of
Δisd control and Δifd , which can simplify the expression of
the phase angle difference between two sinusoidal variables. It
can be seen from (14) that there is a certain relationship between
harmonics of the source current and those of the output current.
Δisd can be suppressed by reducing Δifd .

The conclusions above are also applicable to the q-axis, and
(10) can be rewritten as follows:

•
ΔIsq control =

kUodIfd

Uidcos2Φ

•
ΔΦ ∠(−ϕ) (15)

where
•

ΔIsq control and
•

ΔΦ represent the phasors of Δisq control
and Δφ. Equation (15) reveals that Δisq can be suppressed by
reducing Δφ.

Because the frequencies of source current’s d-/q-axis dc com-
ponents are equal to zero, Isd control is equal to Iid and Isq control
is equal to Iiq all the time. After adding the constant values
generated by the input filter capacitor, the steady-state values
of d-/q-axis components of the source current can be derived
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from (7):
{

Isd = UodIfd/Uid + Isd0

Isq = UodIfd tan Φ/Uid + Isq0
(16)

where Isd0 and Isq0 are the constant currents generated by the
source voltage in the input filter, which are equal to −ωinCsuiq
and ωinCsuid , respectively.

It can be learnt from (16) that the steady-state value of the
source current d-axis component Isd depends on the output
current Ifd in the case of the input and load voltages being
constant, which means that Isd cannot be controlled directly.
However, in addition to Ifd , the steady-state value of IMC’s
source current q-axis component Isq also has a relationship
with included angle Φ, which means that Isq can be controlled
through Φ.

III. SOURCE CURRENT CONTROL STRATEGY

A. d-Axis Control

The above analysis shows that the steady-state value of the
source current’s d-axis component is determined by loads and
cannot be controlled directly. But its harmonic component can
be inhibited by suppressing Δifd . Due to the ac nature of har-
monics in d-axis, a PR controller is a good choice for the system
to realize closed-loop control. For the IMC-based VSCF gener-
ation system, the frequencies of source current’s harmonics in
dq coordinates are high and time varying, which call for the PR
controller used in the system being able to set different phase
compensation angles at different frequencies, adapt itself to the
time-varying frequency, and reduce the influence of the fre-
quency detection error. To meet these requirements, the STRC
with a phase compensator and a damping coefficient is adopted,
whose expression is displayed in (17), which is same as that of
the PR controller

GSTRC(s) =
Krζk (khωin)[s cos ϕk − (khωin) sin ϕk ]

s2 + 2ζk (khωin)s + (khωin)2 (17)

where Kr is the coefficient of the STRC, which is used for ad-
justing the amplitude of the controller output; ζk is the damping
coefficient for antiinterference; khωin is the resonant frequency,
which varies with input frequency; kh represents the harmonic
order; the cutoff frequency ωc is equal to khζkωin ; andϕk is
the compensation angle, which is equal to kϕωinTs , namely, kϕ

times of digital control delay.
Different from traditional resonant controller, the STRC has

two input variables rather than one, namely, the error and the
time-varying resonant frequency. The function of the controller
is realized by two integrators. The coefficients of the integrators
and resonant frequency change simultaneously, so as to make
a timely response to the time-varying ac signal. When reso-
nant frequency changes at a not very fast speed, the STRC is
equivalent to the combination of a group of PRs with differ-
ent resonant frequencies. Its bode diagram is depicted in Fig. 5
when Kr = 100, ϕk = 0, khζkωin = 2, and khωin changes
from 750× 2π to 1050× 2π. It can be noticed that the large gain
is always produced at resonant frequency regardless of its varia-
tion, which ensures zero steady-state error at these frequencies.

Fig. 5. Bode diagram of an STRC.

Fig. 6. Closed-loop control diagram of source current’s d-axis harmonics.

Fig. 7. Closed-loop control diagram of q-axis harmonics. (a) Closed-loop
control diagram of the steady-state component. (b) Closed-loop control diagram
of harmonics.

A combination of only five PRs with different resonant frequen-
cies is depicted, for example, to show the function of the STRC.
But, in fact, the STRC can track the ac signal all the time in the
process of frequency variation.

After executing the closed-loop current control in IMC’s out-
put side, output current Δifd follows its reference value Δi∗fd . In
accordance with the relationship between the source current and
the output current shown in (14), the closed-loop control dia-
gram of source current’s d-axis harmonics is depicted in Fig. 6,
where phasor kUo d

U id
∠(−ϕ) is the equivalent transfer function

from Δifd to Δisd control . The STRC is used for inhibiting the
harmonics. With the phase compensator, the STRC can com-
pensate the phase angle difference ϕ between source and output
current’s harmonics.

B. q-Axis Control

Expression (16) shows that the q-axis dc component of source
current can be controlled through Φ in the condition of in-
put/output voltage and load keeping constant, namely, system
input power factor control [25]. The dc value can use a PI con-
troller to track the reference, and the equivalent control block
diagram is shown in Fig. 7(a). In order to ensure the security
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Fig. 8. Closed-loop control diagram of the IMC-based VSCF generation system.

of the system, the correctable displacement angle Φ should be
within the scope of [-π/6, π/6] when DSVM is applied to the
IMC [26].

It can be learnt from (15) that the controllable part of q-axis

harmonic of source current is only related to Δ
•
Φ . Δisq control ,

same as Δisd control , is an ac value in dq coordinates and
can be controlled by the STRC. The equivalent control dia-
gram is shown in Fig. 7(b). The parts circled by red boxes
in Fig. 7 are the equivalent transfer functions determined by
the IMC.

Fig. 8 shows the closed-loop control diagram of the IMC-
based VSCF generation system, where θv , θi , and θo are the
phase angles of input voltage, input current, and output voltage
synthetic vector, respectively. The diagram can be divided into
three parts, that is, the left part of the source current control,
the middle part of DSVM, and the right part of output volt-
age/current control, among which the source current control is
the focus of this paper. In the left part, high-pass filters are
needed for source current’s d-/q-axis to obtain the feedbacks of
the harmonics because their dc components are positive. Digi-
tal second-order high-pass filters are used in this paper, whose
cutoff frequencies are equal to 45.5 Hz, which is determined by
filtering effects. The control results of q-axis are used to correct
the included angle between input voltage and current from unity
to inductive to compensate for the capacitive input filter, and the
control result of d-axis needs to be fed forward to the reference
of output current, obtaining the modulation signals through the
output current controller. Therefore, the closed-loop control of
the output side is added into the control diagram. The results of
the input/output controller are converted into duty ratios through
the middle part of DSVM.

IV. SYSTEM STABILITY ANALYSIS

The input side of the IMC is connected with an LC filter
for the purpose of reducing source current ripple caused by
switching. The second-order system is prone to oscillation due
to the small parasitic impedance of the line. In order to guarantee
the system stability, the inductor is connected in parallel with a
damping resistor, as shown in Fig. 2. However, the source current

Fig. 9. Equivalent circuit of the input side.

control strategy proposed above for low-order harmonics trigged
by asymmetric modulation will change the input impedance
of the IMC to a certain extent, which may cause input filter
resonance, increase high-order harmonics, and even make an
effect on system stability. Thus, the impacts of the proposed
control strategy on the resonance of the input filter and the
system stability are analyzed in the following.

A. System Stability Analysis Without Source Current Control

The IMC is approximated as an impedance for investigating
the influence of the source current control on the system sta-
bility. IMC input admittances in dq coordinates can be derived
from (4):

Yd =
Δiid (s)
Δuid(s)

= −UfdIfd

U 2
id

(18)

Yq =
Δiiq (s)
Δuiq(s)

=
UfdIfd(1 + sec2Φ)

U 2
id

(19)

where sec is short for secant, the reciprocal of cosine.
When the IMC-based VSCF generation system works in mo-

tor mode, Ifd has the same sign with Ufd , Yd < 0, Yq > 0. In
this case, instability is easy to occur in d-axis. Thus, the d-axis is
taken as an example to analyze the stability. The q-axis stability
is checked later.

By regarding IMC as an impendence, the Thevenin equivalent
circuit of the input side is displayed in Fig. 9 [27], where e′d is the
equivalent source voltage, and Z0 is the equivalent impendence
of the filter. Their expressions are shown as follows:

e′d(s) =
Lss + Rd + Rs

LsRdCss2 + (RsRdCs + Ls)s + (Rs + Rd)
ed

(20)
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Z0(s) =
RdLss + RdRs

LsRdCss2 + (RsRdCs + Ls)s + (Rs + Rd)
.

(21)

The expression of IMC’s source current can be derived from
Fig. 9 and (11):

isd(s) =
e′d(s)

Z0(s) + 1/Yd
GLC(s). (22)

After substituting (11), (18), (20), and (21) into (22), the pole
map of (22) with different damping resistance Rd is pictured
in Fig. 10(a). It shows that with the decreasing of the damping
resistance, namely, the increasing of the damping effect, the
poles of isd(s) shift from positive half plane to negative half
plane, and the system becomes stable. Fig. 10(a) verifies the
necessity of adding a damping resistor to the input filter and is
helpful to determine the actual damping resistance.

B. Influence of d-Axis STRC’s Parameters on the Stability

When d-axis current control is added, its STRC’s output can
be expressed as

g(uid(s)) = GSTRC d(s)
τs

τs + 1
1

Lss + Rs
(uid(s) − ed(s))

(23)
where τ is the coefficient of the digital filter. Feeding (23) for-
ward to the output current reference, the output current ifd in
(4) can be modified to i∗∗fd = ifd + g(uid). The input d-axis ad-
mittance is modified as follows:

Y ′
d =

UfdUid∂g − UfdIfd

U 2
id

(24)

where ∂g = GSTRC d(s) τ s
τ s+1

1
Ls s+Rs

.
Replace Yd in (22) with (24), in which e′d(s), Z0(s), and

GLC(s) are determined when input filter parameters are de-
cided; the coefficient of the digital filter, τ , depends on the
filtering effect. As a result, d-axis STRC’s parameters are the
only influential factors of pole distribution of isd(s), namely,
system stability.

STRC’s compensation angle ϕk , which is equal to kϕ times
of the digital control delay, is used to compensate for the dig-
ital control delay and the phase lag caused by the input filter.
The phase lag caused by the digital control delay is one time of
ωinTs all the time; the phase lag caused by the input filter will
change along with frequency, which can be learnt from the phase
frequency curve (line 1) in Fig. 4. According to the curve, the
specific phase lag angle at a given frequency can be obtained.
Then, the value of (kφ − 1) can be calculated by dividing the
angle with ωinTs . Another phase frequency curve of lagging
ωinTs behind is drawn in line 2 in Fig. 4. It can be found that
after comparing the two curves, that phase lag caused by the fil-
ter is less than ωinTs when harmonic frequency is smaller than
input filter’s resonant frequency. In conclusion, 1 < kϕ < 2.
When the input frequency fin = 300 Hz, the phase compen-
sation angle is equal to ωinTs for 900-Hz (3ωin ) harmonic be-
cause 3ωin < ω1 ; and the phase compensation angle is equal to
1.46ωinTs for 1800-Hz (6ωin ) harmonic.

Fig. 10. System pole maps with different parameters of the d-axis resonant
controller. (a) Different damping resistance Rd . (b) Different resonant frequency
kh ωin . (c) Different cutoff frequency ωc . (d) Different coefficient of resonant
Kr . (e) Different coefficient of resonant Kr after adding active damping.

Fig. 10(b) plots the pole map of isd(s) under the condition that
Kr, ωc , and ϕk are constant and the resonant frequency khωin
changes from 100 × 2π to 1800 × 2π. The arrow points at the
poles’ moving direction when resonant frequency increases. It
can be learnt from the figure that the stability of the system is
deteriorated with the increase of khωin . However, the resonant
frequency is determined by the frequency of current harmonics,
that is, 3ωin and 6ωin , respectively, in this paper. As a result, the
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stability of the system adding STRC with a resonant frequency
of 6ωin needs to be checked first. Then, the system will be stable
after adding STRC with low resonant frequency.

Fig. 10(c) shows the pole map of isd(s) with the cutoff fre-
quency ωc changing on the condition that ϕk , Kr , and khωin
keep constant. It can be seen that the stability of the system
gets worse with the increase of cutoff frequency. Therefore, the
selection of the cutoff frequency ωc needs to balance the system
stability and the antiinterference ability.

Fig. 10(d) displays the pole map of isd(s) with a coefficient
of resonant Kr varying under the condition that ϕk , khωin , and
ωc are constant. When Kr increases from 5 to 150 little by lit-
tle, two poles of isd(s) move gradually to the right half plane,
which signifies worse stability. Nevertheless, Kr determines the
output amplitude of the STRC. If Kr is too small, the ampli-
tude of STRC’s output is low, resulting in undesirable effect on
harmonic suppression; if Kr is too large, the system will be un-
stable. In order to realize effective harmonic inhibition, maintain
system stability, and keep the ability of inhibiting harmonics of
switching frequency, this paper adopts the active damping algo-
rithm proposed in [21] to feed Δuid forward to ifd to strengthen
the system stability. After adding active damping control, input
d-axis admittance of the IMC can be modified as

Y ′′
d =

UfdUid(∂g + kd
τ s

τ s+1 ) − UfdIfd

U 2
id

(25)

where kd is the active damping coefficient. When kd = 0.02
and other parameters remain the same with Fig. 10(d), the pole
map of isd(s) with Kr changing is shown in Fig. 10(e). The
contrast between Fig. 10(d) and (e) shows that after adding active
damping, Kr can be a greater value, providing the possibility to
suppress larger harmonics in the d-axis.

C. Influence of q-Axis STRC’s Parameters on the Stability

Current control result of the q-axis is used for correcting the
phase angle of input current synthetic vector, where the PI con-
troller outputs a constant dc value Φ to correct the input power
factor, whose value has nothing to do with uiq ; the STRC out-
puts an ac value to suppress the current ripple, which is the
function of uiq . The displacement angle in (4) can be expressed
as φ∗∗ = Φ + f(uiq). The q-axis admittance after adding cur-
rent control can be expressed as

Y ′
q =

UfdIfd

U 3
idcos2δ

(Uidcos2δ + Uid + ∂f) (26)

where ∂f = GSTRC q(s) τ s
τ s+1

1
Ls s+Rs

.
Substituting (26) into the q-axis current equation, which is the

same as (22), the pole maps of isq(s) are displayed in Fig. 11,
where khωin , Kr , and Φ change, respectively, in (a)–(c). In
Fig. 11, the real parts of the poles near jω-axis are about –6.2,
which change inconspicuously along with khωin , Kr , and Φ,
are always less than 0. Therefore, the system will always be
stable after adding q-axis current control.

Fig. 11. System pole maps with different parameters of the q-axis resonant
controller. (a) Different resonant frequency kh ωin . (b) Different coefficient of
resonant Kr . (c) Different input power factor.

Fig. 12. Prototype of the IMC-based VSCF generation system.

V. EXPERIMENTAL RESULTS

A prototype of the IMC-based VSCF generation system,
as shown in Fig. 12, has been built to verify the effective-
ness of the proposed source current control strategy. The rec-
tifier stage of the prototype is composed of two insulated-gate
bipolar transistor (IGBT) modules (APTGF50TDU120PG, Mi-
crosemi), and the inverter stage is composed of six discrete
IGBT devices (FGA25N120ANTD, Fairchild). Photocouplers
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TABLE I
PARAMETERS OF THE IMC-BASED VSCF GENERATION SYSTEM

Parameters Symbols Units Values

Effective value of the source voltage ea , eb , eb V 115
Input frequency range f i n Hz 250–350
The input filter inductance L s mH 0.9
Parallelled damping resistance of the input filter inductor Rd Ω 40
The input filter capacitance C s μF 5
Output frequency fo Hz 100
The output filter inductance Lf mH 1.2
The output filter capacitance C f μF 10.0
Switching frequency fs kHz 20
Load resistance RL Ω 10
Load inductance LL mH 0.56

Fig. 13. Experimental waveforms of (a) uia , isa , uou , and iou and
(b) isd and isq , without source current control.

(TLP250, TOSHIBA), with transistor totem-pole circuits on the
output, are used to drive these IGBTs. The total delay of the
drive signals is about a few hundreds of nanoseconds and is
roughly compensated by the controller. The proposed algorithm
is implemented using DSP (TMS320F28335, TI) and CPLD
(XPLD5512MV, Lattice) devices. A programmable three-phase
ac power source (61511, Chroma) is utilized to provide ac volt-
ages for simplicity. The parameters used in the experiment are
described in Table I.

Experiments are carried out to verify the source current con-
trol at a fixed input frequency first. The input frequency is set
to 300 Hz, and the output voltage is set to 57.5 V. Fig. 13(a)
shows the experimental waveforms of the IMC’s input voltage
uia , source current isa , load voltage uou , and load current iou
without source current control. Fig. 13(b) shows the waveforms
of isd and isq without source current control. It can be seen
from the figures that isa leads uia a certain phase and isq has an

Fig. 14. Experimental waveforms of (a) uia , isa , uou , and iou and
(b) isd and isq , with source current control.

Fig. 15. Spectra of experimental waveforms with and without source current
control of (a) isd and (b) isq .

obvious dc component, which means that the capacitive reactive
current is contained in the source current and the input power
factor is not equal to 1. isa distorts with sharp wave heads, and
its dq components isd and isq oscillate severely. The red bars
in Fig. 15 demonstrate the spectra of isd and isq . As can be
seen, the spectra are identical to aforementioned conclusions:
the spectrum peak of isd appears at the frequency of 6ωin ; the
harmonics of isq are mainly third and sixth order.

Three STRCs, which take the system stability and the har-
monic suppression effect into consideration, are designed to
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Fig. 16. Experimental waveforms of isd and isq when load decreases:
(a) without source current control and (b) with source current control.

eliminate these harmonics, whose parameters are listed as fol-
lows:

d-axis: kφ = 1.46; khωin= 1800 Hz; ωc= 2 rad/s; Kr =
150; kd = 0.02;

q-axis _1: kφ = 1; khωin = 900 Hz;ωc = 2rad/s;Kr = 15;
q-axis_2: kφ = 1.46; khωin = 1800 Hz; ωc = 2 rad/s;

Kr = 50.
After implementing the source current control in the same

condition, corresponding current and voltage waveforms are
displayed in Fig. 14. Comparing waveforms of Fig. 14 with
those of Fig. 13, it is obvious that the dc component of isq de-
creases to 0, with isa keeping the same phase with uia , which
means that the input power factor has been corrected to 1. The
oscillations of isd and isq are diminished, only remaining minor
high-frequency vibration. The spectra of isd and isq are shown
in Fig. 15 in blue bars, implying that the sixth-order harmonic
in isd and third and sixth-order harmonics in isq decrease. The
distortion of isa is suppressed effectively when the source cur-
rent control is adopted, with its total harmonic distortion (THD)
decreasing from 5.2% to 2.5%. At the same time, the output
voltage waveform is slightly improved, with its THD decreas-
ing from 1.34% to 0.99%.

Considering that the system’s loads will change on some oc-
casions, experimental tests with a 50% decrease of the load
current amplitude without and with source current control are
carried out. The waveforms are shown in Fig. 16. It can be seen
from Fig. 16(a) that when the load current amplitude decreases,
harmonics amplitudes in source current d-/q-axis components
decrease simultaneously to a certain extent, which are in ac-
cordance with the above analysis shown in (14) and (15). After
adopting the proposed source current control strategy, the sys-
tem can still remain stable, and harmonics in both isd and isq

Fig. 17. Experimental waveforms of isd and isq when load increases:
(a) without source current control and (b) with source current control.

Fig. 18. THD values of isa without and with source current control.

are suppressed with their amplitudes decreasing whatever op-
erates in full loads or in half loads or even in the process of
transition. However, influenced by the reducing active power,
the input power factor angle exceeds the range of [-π/6, π/6]
before the source current control is added. In order to ensure the
safety of the system, only the maximum angle, π/6, is corrected
in the input side, and the corrected input power factor is less
than 1. The dc component of isq in Fig. 16(b) is lower than that
in Fig. 16(a), but does not equal to zero. Experiments with load
changing from half to full are also carried out, whose waveforms
are shown in Fig. 17. Corresponding verdicts as Fig. 16 can be
concluded by comparing Fig. 17(a) with (b).

Above experimental tests are all carried out in the condition
of modulation ratio m being 0.5. To verify the applicability
of the proposed strategy, contrast experiments with different
modulation ratios are also carried out in this paper. Their source
currents’ THD values and input power factors are calculated.
Fig. 18 shows isa’s THD curves versus m. It can be seen from
the figure that THDs of isa are reduced in all conditions after
employing the proposed control strategy. Input power factor
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Fig. 19. Input power factor without and with source current control.

Fig. 20. Experimental waveforms of isd , isa , and isq : (a) without source
current control and (b) with source current control.

curves versus m are displayed in Fig. 19. IMC’s output voltage
and current will rise with the increase of the modulation index,
leading to a larger isd due to the principle of power balance.
As a result, the input power factor will increase along with m
without control, as shown by the black curve. Comparing the
two curves in Fig. 20, it can be concluded that input power
factors are increased via source current control. In most cases,
system’s input power factor can be corrected to 1, but if the input
power factor angle is larger than π/6 without control, such as
m = 0.3, after employing the proposed control, its power factor
increases but is not equal to 1.

Apart from fixing the input frequency, the source current
control proposed in this paper is also suitable for variable-input-
frequency condition. Fig. 20 shows the experimental waveforms
of the source current isa and its dq components isd and isq
when input current frequency changes between 250 and 350 Hz,
without and with source current control, respectively, in which
channel 4 indicates the input frequency. Generated mainly by
the input filter capacitor, the capacitive reactive current will
vary with input frequency without control, in accordance with
the waveform of isq in Fig. 20(a). Meanwhile, isd and isq contain

large harmonic components with isa distorted. The experimental
waveforms of isa , isd , and isq are displayed in Fig. 20(b) after
employing the source current control. In contrast to Fig. 20(a),
the dc component of isq is reduced to 0 at any time, indicating
that the input power factor has been corrected to 1. Moreover,
harmonics in isd and isq are suppressed in terms of the reduction
of their peak–peak amplitudes. And the quality of isa is also
improved. The validity and the feasibility of the source current
control are thus verified.

VI. CONCLUSION

This paper has studied the source current control strategy
as well as its influence on the system stability of the VSCF
generation system, which has high-source-frequency and wide-
frequency-variation range. The following points summarize the
work presented in this paper.

1) Source current harmonics in dq coordinates are analyzed,
including frequency analysis and expressions analysis.
The results indicate that when the IMC is connected to
constant power loads, the only uncontrollable part of the
source current is its d-axis dc component. Its q-axis dc
component and their harmonics are controllable.

2) A source current control strategy is proposed in this pa-
per for an IMC with asymmetric modulation and high
source frequency. It can suppress low-order harmonics,
improve waveforms’ quality, and correct the input power
factor. The experimental results verify the validity and the
feasibility of the proposed strategy.

3) The impact of the proposed control strategy on the res-
onance of the input filter and the system stability is dis-
cussed, drawing a conclusion that the d-axis control will
deteriorate the stability of the system, while the q-axis will
not when the power flows from source to loads. The sys-
tem stability and the harmonic suppression effect should
be taken into consideration for selecting the parameters
of the STRC. With proper control parameters, harmonics
produced by modulation are suppressed, while harmonics
trigged by input resonance have no significant changes.
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