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Jiaxing Lei, Student Member, IEEE, Bo Zhou, Xianhui Qin, Jiadan Wei, Member, IEEE, and Jinliang Bian

Abstract—The matrix converter (MC) with an LC filter at source
side suffers from system instability, thereby requiring damping
control. To improve system stability, this paper proposes a novel
active damping control strategy. First, the method of generating
space vector modulation signals is improved, in order to make the
amplitude and phase angle of input currents directly controllable
without affecting the priority of output voltage control. Then, the
proposed strategy, which is realized by injecting damping signals
into input reference currents, is presented. In this way, the proposed
strategy can suppress the oscillations in source currents directly.
Besides, it is effective with source voltages or capacitor voltages
sampled for modulation, regardless of the operation mode of MC.
Furthermore, it is applicable to most of existing modulation algo-
rithms. Finally, experimental results of four-quadrant operation
on a 2.4-kW prototype illustrate that, under the condition of the
same parameters, the proposed active damping control strategy
performs better than passive damping control in filtering and the
same in damping at source side, without sacrificing the driving
performance at output side.

Index Terms—Active damping control, input currents control,
LC filter, matrix converter (MC).

I. INTRODUCTION

MATRIX Converter (MC) has attracted intensive atten-
tions and is often suggested as a potential alternative

topology to back-to-back converter for its numerous merits,
such as more compact size, lighter weight, and longer lifetime
[1]–[4]. MC has two subtypes: conventional matrix converter
(CMC) and indirect matrix converter (IMC). Although CMC
and IMC differ from each other in the aspects of topology, com-
mutation strategy, power loss, and so on, they can achieve the
same functionality [1], [2]. Many researchers have been focus-
ing on the control strategies, modulation algorithms, extended
topologies, and applications of CMC and IMC [5]–[13].

Essentially, all kinds of MCs transfer power between a volt-
age source and a current source. The voltage source is usually
taken as the input, with a LC filter required to obtain high-quality
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source currents and assist the commutation of power switches.
Since the filter is likely to give rise to a resonant mode, damp-
ing control is demanded to suppress the oscillations. Paralleling
a resistor with the filter inductor is a general passive damp-
ing method [14], which is easy to implement. However, current
flows through the resistor, leading to power loss and less at-
tenuation around switching frequency [15]. Moreover, in some
specific applications, such as the situation of a generator source
where stator inductance acts as the filter inductor, the resistor
cannot be installed. One solution for these problems is active
damping control, which could suppress the oscillations effec-
tively through algorithms without a physical resistor.

Some achievements have been made in the area of active
damping control for MC [16]–[23]. A general constructive
method to stabilize MC was proposed by [16], which demon-
strated that increasing the input admittances to positive values
could improve the system small-signal stability. It has been the
most comprehensive study so far and helps to explain many
existing active damping methods, such as those in [17]–[19],
which smooth the amplitude and/or phase of capacitor voltages
with low-pass filters. Rivera et al. [20], [21] used dc blockers to
detect the oscillation components and injected them into the out-
put reference currents, realizing active damping control based
on predictive current control strategy. The idea in [20] and [21]
came from emulating a damping resistor in parallel with the fil-
tering capacitor. In the situation of MC with a generator input,
[22] investigated the active damping control strategy by apply-
ing feedback control of per-unit source currents, which showed
good damping performance when configured with appropriate
PID parameters. Sato et al. [23] proposed another active damp-
ing method realized by adding the filtered capacitor voltages
into input reference currents, which were calculated based on
instantaneous power theory with input active and reactive power
set to 1 and 0, respectively. A special modulation algorithm pre-
sented in [24], which was claimed to enable independent control
of input currents and output voltages, was applied to the MC
studied in [22] and [23].

The achievements in active damping control for MC are sig-
nificant, but there are still some improvements to be made. On
one hand, most of existing methods involve filtered capacitor
voltages in system control strategy and/or converter modulation
algorithm, indirectly suppressing the oscillations in source cur-
rents. As the oscillations are often excited by the harmonics in
input currents [21], controlling input currents is a more direct
and effective active damping way, such as those in [22] and [23].
However, in [22] and [23], it is assumed that the input currents
should be independently controlled, which is a strict constraint.
It is generally considered that [1], [2], as output voltage control
is preferential, only the phase angle of input currents can be



LEI et al.: ACTIVE DAMPING CONTROL STRATEGY OF MATRIX CONVERTER VIA MODIFYING INPUT REFERENCE CURRENTS 5261

predetermined, but the amplitude cannot for the reason that it
has to be adjusted passively with output currents. This results
in the inability to control the input currents independently. Ac-
tually, the method in [22] was later proved to interfere with
closed-loop control of output current by the Haruna and Itoh
in [25]. Besides, most of existing algorithms are considered not
feasible for such methods due to the strict constraint [16].

On the other hand, although the passive damping control has
some drawbacks, it is still widely used in practice [3], [26],
due to its good damping performance in steady state and dy-
namic process. Most of the existing active damping control
strategies can improve the small-signal stability of MC. But few
strategies have been proved to have comparable damping per-
formance with passive damping control. Actually, digital filters
are widely used in existing methods, leading to compromises
between stability and dynamic performance [16], and limited
range of parameters adjustment [21]. Besides, as stated in [16],
the general constructive methods in motoring mode and gener-
ating mode of MC are in conflict, while passive damping control
are suitable for both modes. As a result, most of existing meth-
ods can hardly rival passive damping control in the respect of
damping performance.

Aiming at these two aspects, this paper proposes an active
damping control strategy via modifying input reference cur-
rents, which features comparable damping performance with
passive damping control, suitability for most of existing mod-
ulation algorithms and no influence on the priority of output
control. This paper is organized as follows. In Section II, a
new method to generate modulation signals is introduced, in
order to directly control the input current without affecting out-
put voltage control. On this basis, the principle and realization
of the proposed strategy are presented in Section III. Section
IV makes some discussions about the applicability of the pro-
posed strategy for the case with capacitor voltages sampled for
modulation and for most of existing modulation algorithms. Its
advantages over previous methods and the drawbacks are both
discussed. In Section V, experiments are carried out on a 2.4-kW
IMC-fed permanent magnet synchronous motor (PMSM) drive
prototype, in order to verify the feasibility and validity of the
proposed strategy. In Section VI, the conclusions of this paper
are drawn.

II. NEW METHOD TO GENERATE MODULATION SIGNALS

This section takes the widely studied space vector modula-
tion (SVM) algorithm as an example to show how to directly
control input currents without affecting the priority of output
voltage control. Based on this, the proposed strategy is realized
completely in Section III. But the proposed strategy does not
restrict to SVM and is proved to be suitable for most of existing
algorithms.

A. MC Model

No major differences exist in the mathematical models of
CMC and IMC and, thus, this paper select IMC for study with-
out loss of generality. Fig. 1 shows the topology of a IMC-fed
PMSM drive system. The IMC is composed of a current source
rectifier (CSR) and a voltage source inverter (VSI). Similarly,

Fig. 1. IMC-PMSM drive system.

CMC can be considered as the combination of a virtual CSR
and a virtual VSI [27]. Power source is connected to the input
of CSR through an LC filter. PMSM is located at the output of
VSI.

According to [27], the three phase input currents of MC mod-
ulated by SVM are

⎡
⎢⎣

iiA

iiB

iiC

⎤
⎥⎦ = mc ·

⎡
⎢⎣

cos θii

cos (θii − 2π/3)
cos (θii + 2π/3)

⎤
⎥⎦ · idc = TCSR idc (1)

where iiA , iiB , and iiC are the low-frequency components of
input current (unless otherwise stated, all the symbols in this
paper represent the low- frequency components); TCSR is the
transfer function matrix of CSR and is called the modulation
signals in this paper because it contains all the information
required by SVM of CSR; idc is the dc-link current; θii is the
(reference) phase angle of input current vector; mc is the current
modulation index of CSR, denoted as the ratio of the input
current amplitude iim and dc-link current idc

mc = iim/idc . (2)

Analogously, the three-phase output voltages can be ex-
pressed as [27]

⎡
⎢⎣

uoU

uoV

uoW

⎤
⎥⎦ = mv ·

⎡
⎢⎣

cos θou

cos (θou − 2π/3)
cos (θou + 2π/3)

⎤
⎥⎦ · udc√

3
= TVSI

udc√
3

(3)

where TVSI is the transfer function matrix of VSI and is called
the modulation signals of VSI in this paper; θou is the (refer-
ence) phase angle of output voltage vector; mv is the voltage
modulation index of VSI, defined as

mv =
√

3uom/udc (4)

where uom is the output voltage amplitude; udc is the dc-link
voltage. The modulation index of MC is the multiplication of
mc and mv

m = mcmv . (5)

Variables m, θii , and θou decide all the duty cycles of current
vectors and voltage vectors in SVM of MC. So long as they
maintain invariable, the actual input currents and output voltages
of MC will not change.

Equation (1)–(5) show the mathematical model of MC mod-
ulated by SVM in the three-phase stationary frame [27]. Based
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on these equations, the simplified model in two-phase stationary
frame (i.e., αβ frame) can be derived. First, (6) is got from (1)

[
iiα
iiβ

]
= mc

[
cos θii
sin θii

]
idc =

[
mcα

mcβ

]
idc (6)

where iiα and iiβ are the αβ-axis input currents; mcα and mcβ

are the αβ-axis modulation signals of CSR. Similarly, for VSI,
(3) becomes (7) in αβ frame

[
uoα

uoβ

]
= mv

[
cos θou
sin θou

]
udc√

3
=

[
mvα

mvβ

]
udc√

3
(7)

where uoα and uoβ are the αβ-axis output voltages; mvα and
mvβ are the αβ-axis modulation signals of VSI.

Since there is no energy storage element in MC, instantaneous
active power at input side, dc-link side, and output side should
be equal to each other, videlicet

p = 1.5 (uiα iiα + uiβ iiβ ) = udcidc = 1.5 (uoα ioα + uoβ ioβ )
(8)

where p is the active power transferred by MC and is calculated
based on the instantaneous power theory [28]; uiα and uiβ are
the αβ-axis input voltages (i.e., capacitor voltages); ioα and ioβ

are the αβ-axis output currents. By substitution (6) into (8),
dc-link voltage udc is given by

udc = 1.5(mcαuiα + mcβ uiβ ). (9)

The voltage drop across the filter inductor is negligible, hence
[

uiα
uiβ

]
≈

[
usα
usβ

]
= usm

[
cos θsu
sin θsu

]
(10)

where usα and usβ are the αβ-axis source voltages; usm is the
amplitude of source voltage; θsu is the phase angle of source
voltage vector. Then according to (6) and (10), (9) is simplified
as

udc ≈ 1.5mcusm cos Δθis , Δθis = θii − θiu (11)

where Δθis is approximately the input power factor. Likewise,
the dc-link current is obtained by substitution of (4) into (8)

idc =
√

3mv(uoα ioα + uoβ ioβ )/2uom . (12)

The typical vector control of PMSM is often realized in two-
phase rotating frame (i.e., dq frame). So the active power p at
the output side shown in (8) and the dc-link current idc shown
in (12) can also be calculated in dq frame, which is employed
in experiments of this paper. Nevertheless, to keep consistent
between the models of CSR and VSI, the analysis is given in
αβ frame. (6)–(12) represent the relationships among voltages,
currents, and active power at input side, dc-link side, and output
side, where modulation signals serve as the bond. The equations
constructing the model of MC help to understand the traditional
and new methods of modulation signals generation.

B. Methods of Modulation Signals Generation

In practice, the modulation signals of MC, i.e., m, θii , and θou ,
are generated from the voltages and currents at input and output
side. It is a general assumption that, no matter how the generation
is realized, the primary goal is to produce expected voltages at
output side, which means the output voltage control must hold

Fig. 2. Traditional and new methods to generate modulation signals
(a) Traditional method (b) New method.

the highest priority. Various generation methods were proposed
in previous works [27], [29], [30]. The principle of one typical
and traditional method [27] is shown in Fig. 2(a), including four
steps as follows.

Step 1: Set mc and Δθis . For maximizing voltage utilization
ratio, mc and Δθis are normally set to 1 and 0 separately. As a
result, the input current vector angle θii is calculated by

θii = θsu + Δθis . (13)

Step 2: Calculate the dc-link voltage udc with (14). It is
based on (11) with mc = 1

udc ≈ 1.5usm cos Δθis . (14)

Step 3: Use u∗
oα and u∗

oβ to calculate the amplitude and phase
angle of output voltage vector, i.e., u∗

om and θou , based on coor-
dinate transformation. The typical vector control of PMSM gen-
erates the reference values of αβ-axis output voltages, namely
u∗

oα and u∗
oβ .

Step 4: Calculate the modulation index mv of VSI based
on (4)

mv =
√

3u∗
om/udc = 2u∗

om/
(√

3usm cos Δθis

)
. (15)

Then, the modulation index of MC is got by multiplication of
mc and mv

m = mcmv = 2u∗
om/

(√
3usm cos Δθis

)
. (16)

After m, θii , and θou are obtained, the SVM of MC can be
implemented.

Although other generation methods, such as those in [29] and
[30], do not fix mc to one mandatorily or even let mc variable,
they share the same idea with [27], the dc-link voltage is first
generated by the modulation of CSR and, then, is used to pro-
duce the expected output voltages through the modulation of
VSI. In such methods, the output voltages are directly synthe-
sized with input voltages, while the input currents are passively
synthesized with output currents. From this point of view, the
amplitude of input currents cannot be controlled directly [1],
[2]. This leads to difficulties in realization of active damping
control strategies through controlling input currents, for the
reason that both the amplitude and phase angle of input cur-
rents are required to be directly controllable in such strategies.

In order to solve this problem, meanwhile ensuring the high-
est priority of output voltage control, an improvement of the
traditional method is made by this paper, and the principle of it
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is shown in Fig. 2(b). The new method consists of four steps as
follows.

Step 1: Calculate u∗
om and θou using u∗

oα and u∗
oβ . This step

is the same as step 3 in traditional method.
Step 2: Set mv to 1. Then, idc is got according to (12), and

shown in (17)

idc =
√

3(u∗
oα ioα + u∗

oβ ioβ )/2u∗
om . (17)

Meanwhile, the required active power transferred by IMC is

p∗ = 1.5(u∗
oα ioα + u∗

oβ ioβ ). (18)

Step 3: Set the reference value of input reactive power to q∗i .
With p∗ obtained in step 2, the reference values of αβ-axis input
currents can be calculated based on instantaneous power theory
[28], and are expressed as{

i∗iα = (p∗usα − q∗i usβ )/1.5u2
sm

i∗iβ = (p∗usβ + q∗i usα )/1.5u2
sm

(19)

where q∗i can be set in an open-loop way or in a closed-loop
way. For example, q∗i could come from the closed-loop control
of source reactive power, so as to realize unit power factor
operation at source side.

Step 4: Calculate αβ-axis modulation signals of CSR, ac-
cording to (6) and (17)–(19){

mcα = i∗iα/idc = (p∗usα − q∗i usβ )/(1.5u2
sm idc)

mcβ = i∗iβ /idc = (p∗usβ + q∗i usα )/(1.5u2
sm idc)

. (20)

Then, mc and θii are calculated further as

mc =
√

m2
cα + m2

cβ , θii = atan2(mcβ ,mcα ) (21)

where function atan2(y, x) is the arc tangent of the two variables
x and y. In particular, if Δθis is specified directly just as the
traditional method, the input reactive power can be expressed as
qi = p∗tanΔθis . So with the substitution of (17) and (18), (20)
and (21) can be simplified as (22) and (23), respectively,

{
mcα = 2u∗

om(usα − usβ tanΔθis)/
√

3u2
sm

mcβ = 2u∗
om(usβ + usα tanΔθis)/

√
3u2

sm

(22)

mc = 2u∗
om/

(√
3usm cos Δθ∗is

)
, θii = θsu + Δθis . (23)

Then, the modulation index of MC is got

m = mcmv = 2uom/
(√

3usm cos Δθis

)
(24)

which is the same with that in traditional method, so is θii and
θou . Therefore, if the new method and traditional method both
specifies the value of Δθis , the same input currents and output
voltages will be obtained. In this way, they are equivalent from
an input–output point of view.

From the steps described above and Fig. 2, we can find the
basic idea of the new method. Different from the traditional
method, the new method first generates the dc-link current by
the modulation and VSI and, then, employs it to produce the
expected input currents through the modulation of CSR. Hence,
the input currents are directly synthesized with output currents,
while the output voltages are indirectly synthesized with input
voltages. However, the reference values of input currents are

Fig. 3. LC filter circuit with passive damping control.

dependent on the expected output active power. From the view-
point of system control, the output voltage control is the outer
loop, while the input current control is the inner. Consequently,
it ensures the top priority of output voltage control. So the new
method provides a feasible way to directly control the amplitude
and phase angle of input currents without affecting the output
voltage control.

By using the new method to generate modulation signals,
it is very easy to realize some control strategies, which require
directly controllable amplitude and phase angle of input currents
and preferential output voltage control. For example, the closed-
loop control of source currents can be achieved without any
interfere with closed-loop control of output current existing in
the method presented by [22]. Based on the new method, this
paper realizes an active damping control strategy via modifying
input reference currents.

III. ACTIVE DAMPING CONTROL STRATEGY VIA MODIFYING

INPUT REFERENCE CURRENTS

A. Spectrum of the LC Filter With Passive Damping Resistor

The phase A circuit of LC filter with typical passive damping
control [14] is illustrated in Fig. 3. A passive damping resistor
Rd is paralleled with filter inductor Lf . Lf is serialized with
its resistance RL , which is small and negligible. Noninductive
filter capacitor Cf is considered ideal. The parameters of filter in
this paper are: Lf = 1 mH, RL = 0.3 Ω, Cf = 12.6 μF. From
Fig. 3, we can get the circuit equations of phase A

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

Lf
difA
dt

= usA − uiA − RL ifA

Cf
duiA

dt
= ifA + idA − iiA

idA = (usA − uiA )/Rd

isA = ifA + idA

(25)

where usA is the source voltage; isA is the source current;
uiA is the input voltage of MC, namely the capacitor voltage;
if A is the inductor current; idA is the current flowing through
damping resistor. In the source voltage vector oriented dq frame,
the d-axis and q-axis currents represent the active and reactive
currents, respectively. To analyze the effects of the LC filter on
source currents when load changes, (25) is transformed to the
dq frame, resulting in the state-space equation of the LC filter
shown in (26)

⎧
⎪⎨
⎪⎩

dx

dt
= Ax + Bu

y = Cx + Du

(26)



5264 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 9, SEPTEMBER 2015

Fig. 4. Spectrum of transfer function from iid to isd in passive damping
control.

where state variable x is [if d , if q , uid , uiq ]T ([·]T represents the
matrix transposition of [·]); input variable u is [usd , usq , iid ,
iiq ]T; output variable y is [isd , isq ]T. The matrices in (28) are
expressed as follows:

A =

⎡
⎢⎢⎢⎢⎣

−RL /Lf ωs −1/Lf 0

−ωs −RL /Lf 0 −1/Lf

1/Cf 0 −1/RdCf ωs

0 1/Cf −ωs −1/RdCf

⎤
⎥⎥⎥⎥⎦

B =

⎡
⎢⎢⎢⎢⎣

1/Lf 0 0 0

0 1/Lf 0 0

1/RdCf 0 −1/Cf 0

0 1/RdCf 0 −1/Cf

⎤
⎥⎥⎥⎥⎦

C =

[
1 0 −1/Rd 0

0 1 0 −1/Rd

]
D =

[
1/Rd 0 0 0

0 1/Rd 0 0

]

where ωs is the angular frequency of source voltage. The spec-
trum of the transfer function from iid to isd with different Rd

is illustrated in Fig. 4. From Fig. 4, it can be observed that
smaller Rd results in smaller magnitude at resonant frequency,
but larger magnitude at high frequency. Therefore, increasing
damping performance of passive damping control will lead to
the decrease of filtering performance.

The dual characters of Rd lie in that, high-frequency current
flows through it when damping oscillations, which is also a
part of source current. Hence, reducing the value of Rd will
inevitably increase higher harmonics in source current.

B. Principle of the Proposed Active Damping Control Strategy

Supposing Rd is not installed in Fig. 3, equivalently Rd =
+∞, then from Fig. 4, we know that the damping coefficient
is very small and the oscillations are likely to be excited by
harmonic currents. To suppress the oscillations as in passive
damping control, the proposed active damping control strategy
is applied to the filter, of which the equivalent circuit is depicted
in Fig. 5. In Fig. 5, Rvd is the virtual damping resistor; iiAe

Fig. 5. Equivalent circuit of LC filter with the proposed active damping con-
trol.

Fig. 6. Spectrum of transfer function from iid to isd in active damping control.

is the additional damping signal and iiA ′ is the input current
injected with iiAe .

Still take the same variables in passive damping control to
establish the new state-space equation. According to Fig. 5, the
new matrices are

A =

⎡
⎢⎢⎢⎣

−RL/Lf ωs −1/Lf 0
−ωs −RL/Lf 0 −1/Lf

1/Cf 0 −1/RvdCf ωs

0 1/Cf −ωs −1/RvdCf

⎤
⎥⎥⎥⎦

B =

⎡
⎢⎢⎢⎣

1/Lf 0 0 0
0 1/Lf 0 0

1/RvdCf 0 −1/Cf 0
0 1/RvdCf 0 −1/Cf

⎤
⎥⎥⎥⎦

C =

[
1 0 0 0
0 1 0 0

]
D =

[
0 0 0 0
0 0 0 0

]
.

It is obvious that, system matrix A in the proposed strat-
egy has the same form with that in passive damping control.
As matrix A contains the damping information of LC filter,
the proposed strategy can also increase the damping coeffi-
cient. Fig. 6 illustrates the spectrum of transfer function from
iid to isd in active damping control. From Fig. 6, we can
know that smaller Rvd results in lower magnitude at reso-
nant frequency, but doesn’t change the magnitude at high fre-
quency. This means that the proposed strategy can achieve good
damping performance and filtering performance at the same
time.
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The spectrum of transfer function in passive damping con-
trol with Rd = 15Ω is also shown in Fig. 6. The steady-state
equations and the spectrum of the LC filter in passive damping
control are compared with those in active damping control. It
can be drawn from the comparison that since in passive damping
control Rd exists in matrix C, while in active damping control
Rvd does not appears in matrix C, the transfer function of the
LC filter in passive damping control has one more zero than that
in active damping control. This brings about the following two
aspects for consideration.

1) Zeros could decrease the damping coefficient. Hence, the
active damping control provides larger damping coeffi-
cient than passive damping control with Rd = Rvd . How-
ever, when the parameters of the LC filter and damping
resistors are selected appropriately, the damping coeffi-
cient is mainly decided by matrix A. Therefore, it is cer-
tain that the two methods have the same damping per-
formance. Besides, if the proposed strategy is completely
realized, the adjusting ranges of the physical resistor and
virtual damping resistor are logically the same in the two
methods.

2) Zeros have high impact on the filtering performance. As
it can be seen from Figs. 4 and 6, the gain at high fre-
quency in the active damping control is smaller than
that in passive damping control. The differences be-
come more obvious with the reduction of passive damp-
ing resistor and the increase of frequency. In particular,
when Rd = Rvd = 15Ω, the difference at 12.5 kHz (the
switching frequency of CSR in experiments) is 14.5 dB,
which means that the harmonics of source currents
around 12.5 kHz in passive damping control are about
5.3 times of that in active damping control. Hence, the pro-
posed strategy can reduce the high frequency harmonics
significantly.

In conclusion, the proposed active damping control strategy
has the same damping performance with passive damping con-
trol, but better filtering performance, when completely realized.

C. Realization of the Proposed Strategy

To completely realize the proposed strategy depicted in Fig. 5,
the new method of modulation signals generation should be
applied with just modifying the input reference currents i∗iα and
i∗iβ as

{
i∗∗iα = i∗iα + iiαe

i∗∗iβ = i∗iβ + iiβ e
(27)

where iiαe and iiβe are additional αβ-axis damping signals and
have the expressions of

{
iiαe = (uiα − usα )/Rvd

iiβ e = (uiβ − usβ )/Rvd
(28)

which means the damping signals are proportional to the voltage
drop across the filter inductor. Measuring capacitor voltages to
calculate iiαe and iiβe is an effective way. Alternatively, αβ-axis
source currents, i.e., isα and isβ , can also be used to construct

Fig. 7. Calculation of modified input currents and modulation signals.

(28), as shown in (29)⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

iiαe = − 1
Rvd

(
Lf

disα
dt

+ RL isα

)

iiβ e = − 1
Rvd

(
Lf

disβ
dt

+ RL isβ

) . (29)

Theoretically, (29) is completely equivalent with (28). The
source currents contain few high-frequency harmonics when
the physical damping resistor is not installed [3]. Therefore, the
derivation operation in (29) is achievable in practice.

With modified reference value of input currents obtained in
(27), the modified αβ-axis modulation signals of CSR, namely
m′

cβ and m′
cβ , can be calculated, as shown in Fig. 7. According

to (6), the expressions of m′
cα and m′

cβ are
{

m′
cα = i∗∗iα/idc

m′
cβ = i∗∗iβ /idc

. (30)

Based on (27), rewriting (30) as
{

m′
cα = mcα + mcαe

m′
cβ = mcβ + mcβ e

(31)

where mcα and mcβ are the modulation signals without modi-
fication shown in (20) or (22), of which the function is to adjust
the amplitude of output voltage; mcαe and mcβe are additional
damping signals in modulation signals and are used to suppress
oscillations in source currents. The expressions of mcαe and
mcβe are {

mcαe = iiαe/idc

mcβ e = iiβ e/idc
. (32)

Appropriate values of the filter inductor bring about small
voltage drop [14]. Hence, iiαe and iiβe are only a very small
proportion of i∗∗iα and i∗∗iβ , which is also true for mcαe and mcβe

in m′
cα and m′

cβ . Particularly, the fundamental frequency com-
ponents in iiαe and iiβe are almost 0. So the proposed active
damping control strategy has little influence on normal opera-
tion of MC. Besides, this also proves that the control range of
input currents in the proposed strategy is the same with that in
passive damping control, without any special limitation.

After m′
c and θ′ii of CSR are calculated by using m′

cα and m′
cβ ,

SVM of MC can be implemented through combining them with
the modulation signals of VSI, i.e., mv = 1 and θou .

It is important to note that, the operation mode of MC is not
the precondition when applying the proposed strategy. Actually,
the operation mode is reflected by the sign of idc and, thus, is
contained in the calculation of the additional damping modula-
tion signals in (32). Therefore, the proposed strategy is effective



5266 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 9, SEPTEMBER 2015

Fig. 8. Equivalent circuit of LC filter with another active damping control.

no matter MC works in motoring mode or generating mode.
This is naturally true because the equivalent circuit shown in
Fig. 5 is completely realized, which are the same in both modes.

D. Realization of the Previous Method

The idea of emulating physical damping resistors to realize
active damping control is not new. A similar method has been
proposed and applied in previous works [20], [21], [23], [31],
[32], of which the principle is shown in Fig. 8. In this method,
a virtual branch consisting of a resistor and capacitor in series
is paralleled to the physical filtering capacitors. Some exist-
ing works try to realize such a method. Rivera et al. [20], [21]
realized it by controlling output currents, while [31], [32] by
digitally filtering the amplitude of capacitor voltages in mod-
ulation, which are only approximate methods. Sato et al. [23]
realized it by simply modifying the modulation signals under
the condition that input currents are independently controllable,
which is strictly limited as stated in introduction.

Nevertheless, the new method of modulation signals genera-
tion presented in Section II, makes it very convenient to com-
pletely realize this active damping method, without requiring
independent controllable input currents. To achieve this goal,
the additional damping signals shown in (33) are injected into
input reference currents. Then the procedure in part C of this
section can be used to realize this⎧

⎪⎪⎨
⎪⎪⎩

iiαe =
sCvf

sRvdCvf + 1
uiα

iiβ e =
sCvf

sRvdCvf + 1
uiβ

. (33)

Rewrite (33) as
⎧
⎪⎪⎨
⎪⎪⎩

iiαe = Kd
sTd

sTd + 1
uiα

iiβ e = Kd
sTd

sTd + 1
uiβ

, Kd =
1

Rvd
, Td = RvdCvf .

(34)
(34) means that the damping signals can be calculated with

capacitor voltages filtered by high-pass digital filters, where Kd

is the proportional coefficient and Td is the time constant. Simi-
lar to those in [16]–[21], [23], [31], and [32], iiαe and iiβe in (34)
provide larger damping coefficient when Kd and Td increase.
At the same time, (34) shows that the additional damping sig-
nals contain fundamental frequency components, which would
impact the normal operation of MC. With the increase of Kd

and Td , the impact cannot be neglected. As a result, the damping
performance of this method is limited. Such problem doesn’t ex-
ist in the proposed strategy shown in Fig. 5, which would be the
better solution from the viewpoint of damping performance. But

Fig. 9. Dq-axis small-signal model of the LC filter.

the method shown in Fig. 8 has the advantage that it does not
need any extra voltage or current sensor if capacitor voltages
are sampled for modulation. Therefore, combing this method
with typical passive damping control is more meaningful, just
as what [21], [23] have done.

IV. DISCUSSION ABOUT THE PROPOSED ACTIVE

DAMPING CONTROL STRATEGY

A. Applicability to the Case With Capacitor Voltages
Sampled for Modulation

In Sections II and III, the proposed strategy uses source volt-
ages for modulating MC. However, in the situation of generator
input where source voltages cannot be sampled, the capacitor
voltages are needed in order to generate modulation signals.
Most of existing active damping methods are aimed at this case
[16]–[19], [22], [23], [31], [32]. By replacing source voltages
with capacitor voltages in (19), the input reference currents with-
out modification are got. With the substitution of them and the
additional damping signals shown in (28) into (27), the modified
αβ-axis reference values of input currents in this case can be
expressed as

⎧
⎪⎪⎨
⎪⎪⎩

i∗∗iα =
2p∗uiα

3u2
im

− 2q∗i uiβ

3u2
im

+
uiα − usα

Rvd

i∗∗iβ =
2p∗uiβ

3u2
im

+
2q∗i uiα

3u2
im

+
uiβ − usβ

Rvd

(35)

where uim is the amplitude of capacitor voltage, the additional
damping signals should be calculated by (29) instead of (28)
in practice, for the source voltages are unavailable. Transform-
ing (35) into dq frame, we can get the modified dq-axis input
currents

⎧
⎪⎪⎨
⎪⎪⎩

i∗∗id =
2p∗uid

3u2
im

− 2q∗i uiq

3u2
im

+
uid − usd

Rvd

i∗∗iq =
2p∗uiq

3u2
im

+
2q∗i uid

3u2
im

+
uiq − usq

Rvd

(36)

where uid and uiq are dq-axis capacitor voltages; usd and usq

are dq-axis source voltages. The circuit equations of the filter
are nonlinear as the input currents are nonlinearly correlative to
the state variables. So the dq-axis small-signal model shown in
Fig. 9 is used to analyze the system stability [16], [33], where
the dq-axis input admittances yd and yq are

{
yd = ∂iid/∂uid

yq = ∂iiq/∂uiq
. (37)
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At steady-state operation point, the expressions of them are
⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

Yd =
2P (U 2

iq − U 2
id)

3U 4
im

− 4QiUidUiq

3U 4
im

+
1

Rvd

Yq =
2P (U 2

id − U 2
iq)

3U 4
im

− 4QiUidUiq

3U 4
im

+
1

Rvd

(38)

where P, Qi , Uid , Uiq , and Uim are the corresponding steady
values. Since Uiq is much smaller than Uim , the items containing
Uiq in (38) are ignorable. Then, we get that if Rvd satisfies

Rvd < 1.5U 2
im/ |P | (39)

positive dq-axis input admittances are guaranteed in both mo-
toring mode (P > 0) and generating mode (P < 0); thus, the
system is small-signal stable [16], [33]. (39) also shows the the
maximum value of the virtual resistor for the sake of system
stability, which is also true for passive damping control.

The connotation of Rvd in (36) is the same with that in the
case where source voltages are sampled for modulation. Hence,
reducing Rvd could increase the damping coefficient and obtain
good damping performance in steady state and dynamic process.
It indicates that the proposed strategy can achieve the same
damping performance with passive damping control and better
filtering performance in this case, which are also insensitive to
the operation mode of MC.

B. Realization Based on Other Modulation Algorithms

The modulation algorithms of MC are reviewed in [4], which
include the four most intensively researched algorithms, namely
Venturini algorithm, scalar algorithm, carrier-based algorithm,
and space vector algorithm. As it is shown in Section II, the
basic idea of the new method generation is using output currents
to directly synthesize input currents, while generating the input
reference currents with the expected output active power. If such
an idea is applied to the above algorithms, the input currents can
be directly controlled without affecting the priority of output
voltage control and, thus, the proposed strategy can be realized
completely.

For convenience, the extensions of the proposed strategy to
other algorithms are provided here in detail. For most of the
algorithms, usm , θii , u∗

om , and θou are sufficient to modulate
MC. According to (6) and (27), the modified θii are

θ′ii= atan2
[
i∗iβ + iiβ e

idc
,

i∗iα + iiαe

idc

]
(40)

where i∗iα and i∗iβ are calculated with (19); iiαe and iiβe are
calculated using (28) or (29); idc should be obtained using (17)
(or its equivalent form in dq-frame) and it reflects the power
flow direction in (40). As mv is set to 1, the modified reference
value of output voltage amplitude can easily be obtained by
substitution of (31) and (9) into (4)

u∗∗
om =

udc√
3

= u∗
om +

√
3

2idc
(usα iiαe + usβ iiβ e). (41)

The source voltages used in the calculation of (40) and (41)
can be replaced by capacitor voltages. It can be noticed that the
final expressions of θ′ii in (40) and u∗∗

om in (41) just involve the

voltages and currents at input and output side, which are inde-
pendent of SVM, so is the case with idc in (17). Therefore, ap-
plying θ′ii , u

∗∗
om as well as the unchanged usm and θou to the above

four modulation algorithms, the proposed active damping con-
trol strategy are realized completely. It proves that the proposed
strategy is not restricted to SVM and can be extended to most of
existing modulation algorithms. In particular, if (40) and (41) are
applied simultaneously to the traditional method of generating
SVM signals, the proposed strategy can also be realized. How-
ever, (40) and (41) are not easy to be derived based on the tra-
ditional method and have not been revealed by previous works.

The predictive current/torque control strategy and direct
torque control strategy are also reviewed in [4], which belong
to system control strategies. As the output currents are directly
controlled in these strategies, the output reference voltages are
not necessary. Hence, the proposed strategy cannot be applied
to these strategies and further research should be done on this.

C. Comparison With Existing Methods

As stated above, most of existing active damping strategies
focus on the small-signal stability [16]–[23], [31], [32]. Digital
filters are very important in these strategies. For example, dc
blockers are stilled applied to filter the capacitor voltages in
[20], [21] even when the source voltages and source currents
are also available. The digital filters worsen the dynamic per-
formance [16], and even could limit the range of parameters
adjustment [20], [21]. Hence, to a large extent, most of existing
methods cannot match the typical passive damping control in
the respect of damping performance. But the proposed strategy
in this paper has the same damping performance and parameters
range with passive damping control regardless of the operation
mode of MC, no matter the source voltages or capacitor voltages
are sampled for modulation. This is a major advantage of the
proposed strategy over existing methods.

The method proposed by [16] has been the most compre-
hensive one so far. It can improve the small-signal stability
effectively, which is realized by modifying the d-axis or q-axis
reference values of output voltages when MC works in mo-
toring mode, and modifying the phase angle of input current
vector when MC works in generating mode. It can be seen from
(40) and (41), the proposed strategy can also be viewed as a
method realized by modifying the reference value of output
voltage amplitude and phase angle of the input current vector.
This may cause confusion with the general constructive method
in [16]. However, as the proposed strategy is expected to obtain
the same damping performance with passive damping control
no matter source voltages or capacitor voltages are sampled for
modulation, but not just aimed at the small signal stability, its
principle is hardly to be directly explained by the method in
[16]. What’s more, there is a significant difference between the
proposed strategy and the method in [16]. The general construc-
tive method in motoring mode conflicts with that in generating
mode as proved by [16], while the proposed strategy is suitable
for both modes. Actually, (40) and (41) must be applied to the
modulation of MC simultaneously in both modes, in order to
obtain the required damping performance.
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TABLE I
EXPERIMENTAL PARAMETERS

Variables Description Values

Source
Us RMS Source Phase Voltage 155 (V)
fs Source Frequency 50 (Hz)
Source Side Filter
Lf Filter Inductor 1 mH
Cf Filter Capacitor 12.6 μF
RL Resistance of Filter Inductor 0.3 Ω
IMC Power Setup
IGBT Power Module of CSR APTGT50TDU60PG
Module Power Module of VSI PM 75RLA060
DSP Digital Signal Processor TMS 320F28335
CPLD Complex Programmable Logic Device EPM 1270T144C8N
ADC Analog-to-Digital Converter ADS 8568
DAC Digital-to-Analog Converter AD 5438
PMSM
PN Rated Power 2.4 kW
nN Rated Speed 3000 r/min
fo N Rated Frequency of Stator Current 200 Hz
Io N RMS Rated Stator Current 9 A
Uo N RMS Rated Stator Voltage 97 V
Ls Stator Armature Inductance 1.23 mH
J Moment of Inertia ∗0.025 kg.m2

Control Method (SVM-Based)
fs a m p l in g Sampling Frequency 25 kHz
fsw i t ch in g Switching Frequency of CSR 12.5 kHz

Switching Frequency of VSI 25 kHz
Rd Physical Damping Resistor 15 Ω
Rv d Virtual Damping Resistor 15 Ω

∗It is the sum of the moment of inertia of PMSM and the coaxial generator

One of the drawbacks of the proposed strategy is that it needs
extra voltage or current sensors, which is the cost of the same
damping performance as passive damping control. Besides, the
minimum absolute value of idc in (32) should be limited, to
prevent mcαe and mcβe from getting too large due to the divi-
sion operation. It usually takes place when the operation mode
of MC switches from motoring mode to generating mode or
reversely. The limit value is mainly dependent on the output
currents ripple and sampling precision. As the limited interval
in dynamic process is usually very short, such limitation has
little effect on the damping performance. Hence it is still safe
to say that the proposed strategy can obtain the same damping
performance with passive damping control.

V. EXPERIMENTAL VERIFICATION

A. Experimental Prototype

In order to verify the effectiveness of the proposed active
damping control strategy, this paper builds up a 2.4- kW IMC-
fed PMSM drive prototype, of which the key parameters are
shown in Table I. PMSM is coaxially connected with a syn-
chronous generator, of which the load is pure resistors. The
parameters of the LC filter are the same with that in Section
III. The SVM of symmetrical switching pattern [2] is applied to
IMC, resulting in different switching frequencies of CSR and
VSI, which are 12.5 and 25 kHz separately.

On the built prototype, passive damping control and the pro-
posed active damping control strategy are both experimentally
verified and their performances in steady-state and dynamic

TABLE II
MAJOR PERFORMANCE OF SOURCE CURRENT, STATOR CURRENT,

AND SPEED IN EXPERIMENTS

Items Passive Damping Active Damping

Source current at Rated Speed and Rated Power
THD 4.13% 2.63%
Maximum Harmonic Content Around 1.4 kHz 1.19% 1.19%
Maximum Harmonic Content Around 12.5 kHz 1.62% 0.44%
Stator current at Rated Speed and Rated Power
THD 7.34% 7.30%
Speed in Dynamic Process
Rising/Falling Time 1.35s 1.35s
Overshoot 2.10% 2.10%

process are compared accordingly. The resonant frequency of
the LC filter is about 1.4 kHz. In passive damping control, a
15 Ω physical resistor is paralleled with the filter inductor. In
active damping control, the physical resistor is removed and a
virtual resistor of 15 Ω is applied in control algorithm, bring-
ing about better filtering performance and the same damping
performance. In both control strategies, the method to generate
modulation signals is the new one presented in Section II, the
control method of PMSM is the typical i∗d = 0 vector control
realized in dq frame, and the active power p and dc-link current
idc are calculated in dq frame.

B. Experimental Results

The experimental results are illustrated in Figs. 10–14. The
key performance of source currents, stator currents, and speed is
shown in Table II. Detailed discussions about the experimental
results are as follows.

Fig. 10 shows the stator current of PMSM and source current
at rated speed and rated power, which are measured by current
probes of 30- MHz wideband. From the figure, we can find that
there is no difference between the two control methods in the
waveform quality of stator currents. The total harmonic distor-
tion (THD) in both methods is about 7.3%, as shown in Table II.
THD of stator current is a little large due to the small armature
inductance (just 1.23 mH) and relative high current frequency
(200 Hz). Anyway, it can be concluded that the waveform qual-
ity of stator current in both methods is the same.

There are distinct differences between the waveform quality
of source currents in the two methods. The waveform in pas-
sive damping control is thicker, reflecting larger high frequency
harmonic contents. The spectral analysis results are shown in
Fig. 11, which are completed in MATLAB with data provided
by the current probes. The harmonic analysis results are shown
in Table II. As can be seen from Fig. 11, harmonics mainly dis-
tribute below 3 kHz and around 12.5 kHz. The harmonics below
3 kHz come from the large ripple of stator currents and the non-
linearities of IMC in practice, such as the dead-time commuta-
tion, while the harmonics around 12.5 kHz are generated by the
PWM control. In both methods, the harmonics below 3 kHz are
approximately the same. In particular, the maximum harmonic
content around 1.4 kHz (the resonant frequency of LC filter) is
1.19% in both modes as shown in Table II, demonstrating the
same damping performance. However, the maximum harmonic
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Fig. 10. Stator current (ioU ) of PMSM and source current (isA ) at rated speed and rated power (a) Passive damping control. (b) Active damping control .

Fig. 11. Spectral analysis results of source current at rated speed and rated power (a) Passive damping control. (b) Active damping control.

Fig. 12. Unmodified modulation signals (mcα and mcβ ) and the additional damping signals (mcαe and mcβ e ) at rated speed and rated power (a) Passive
damping control. (b) Active damping control.

Fig. 13. Speed (n), d-axis (iod ), and q-axis (ioq ) currents of PMSM when speed reference (n∗) steps between 3000 and −3000 r/min (a) Passive damping control.
(b) Active damping control.

content around the switching frequency in active damping con-
trol is significantly smaller than that in passive damping control,
which is the main reason for the decreased THD in active damp-
ing control. The difference is about 3.7 times, which is smaller
than the theoretical value presented in Section III. Even so, it
can still prove that the proposed strategy has better filtering
performance than passive damping control, considering the un-
certainty of measurements. Besides, the RMS source current in

active damping control is smaller, indicating that the proposed
strategy improves the efficiency.

Fig. 12 shows the unmodified αβ-axis modulation signals of
CSR and the additional damping signals in active damping con-
trol are also depicted in Fig. 12(b). As it is shown in Fig. 12,
the unmodified modulation signals mcα and mcβ in both meth-
ods are almost the same. Compared with mcα and mcβ , mcαe

and mcβe are small enough to avoid influencing the normal
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Fig. 14. Speed (n), stator current (ioU ) of PMSM, and source current (isA ) when speed reference (n∗) steps between 3000 and −3000 r/min (a) Passive damping
control. (b) Active damping control.

operation of IMC, but large enough to suppress the oscillations
in source currents.

Figs. 13 and 14 show the experimental results, when the speed
reference steps between 3000 and −3000 r/min, necessitating
four-quadrant operation of IMC and PMSM. The dq-axis sta-
tor currents are calculated by the DSP and output by the DA
converter. The three phase stator currents required for control
strategy and modulation algorithm come from current sensors.
The IMC works in generating mode during the period of speed
changing from 3000/−3000 r/min to 0 rpm, while in motoring
mode in the rest time. The generating mode lasts about 400 ms,
which is 20 cycles of source current period. Since a synchronous
generator powering pure resistors acts as the load of PMSM,
which generates load torque varying with speed to PMSM, the
slop of speed rising and falling is decreasing in the dynamic
process. The rising/falling time in two methods is equivalent,
which is also true for the speed overshoot, as shown in Table II.
Besides, the waveform contours of actual speed, stator current of
PMSM, and source current in the proposed strategy are exactly
the same with those in passive damping control.

To sum up, the experimental results demonstrate that, the
proposed active damping control has the same damping per-
formance with the passive damping control and better filtering
performance at source side, maintaining the steady state and
dynamic performance of drive control at output side.

VI. CONCLUSION

The active damping control strategy of MC via modifying
input reference currents requires that the amplitude and phase
angle are both directly controllable and the top priority of out-
put voltage control must be kept at the same time. In traditional
method of generating modulation signals of MC, the expected
output voltages are directly synthesized with input voltages,
while input currents have to vary passively with output currents.
Therefore, this paper makes an improvement to the traditional
method by directly synthesizing the input currents with output
currents. But the input reference currents are dependent on the
expected output active power and, thus, the output voltage con-
trol is still preferential in the new method. The new method
makes it very easy to realize some control strategies, which re-
quire input currents to be directly controllable and the priority of
output voltage control to be unaffected, such as the closed-loop
control of source currents.

Based on the new method, this paper injects damping signals
into input reference currents to completely realize the proposed
active damping control strategy. The proposed strategy has the
same damping performance with passive damping control strat-

egy and the same filtering performance at input side, maintaining
steady state and dynamic performance at output side. No matter
the modulation signals are generated from source voltages or
capacitor voltages, and what the operation mode of MC is, the
proposed strategy is effective. Besides, it is suitable for most of
existing modulation algorithms, showing good generality.

Attention should be paid to the calculated dc-link current if
both motoring mode and generating mode of MC are required.
The minimum absolute value of dc-link current should be lim-
ited, in order to avoid negative effects on normal operation of
MC due to the division operation. But if MC works in a single
mode, the dc-link current can be fixed to the rated value and,
thus, solve this problem with only a little effect on damping
performance.
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