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Active Damping Current Control for CSI-Fed
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Abstract—This article proposes a dynamic decoupling active
damping current control method for the current-source inverter
(CSI)-fed high-speed permanent magnet synchronous machine
(HSPMSM) drive with low carrier ratios. In this system, the natural
resonance frequency is relatively high compared with the con-
ventional CSI-fed system due to the high fundamental frequency
and low inductance of the HSPMSM, which makes the traditional
capacitor-voltage-feedback-based active damping fail. To achieve
the desired resonance damping effects, the discrete-time-model-
based multistate feedback active damping is proposed, which can
configure the resonance pole arbitrarily. Then, to solve the se-
rious cross coupling under low carrier ratios, a low-frequency-
equivalent-transfer-function-based dynamic decoupling method is
proposed for the parts where the traditional decoupling method
cannot be applied. On the above basis, an outer-loop proportional–
integral controller is adopted to adjust the magnitude and phase
of the open-loop transfer function. In this way, the desired open-
loop cutoff frequency with enough phase and gain margin can be
achieved under the wide fundamental frequency changes of the
HSPMSM. Finally, the effectiveness of the proposed method is
verified by experiments.

Index Terms—Active damping (AD), current control, current-
source inverter (CSI), dynamic decoupling, high-speed permanent
magnet synchronous machine (HSPMSM).

I. INTRODUCTION

B ENEFITING from the high-efficiency, high-power-
density, and gearbox-free operation, high-speed permanent

magnet synchronous machines (HSPMSMs) are widely used
in engineering applications, such as air blowers, microturbine
generators, and electric vehicles [1]. However, due to the high
fundamental frequency (usually greater than 1000 Hz) and small
stator inductance, the HSPMSM has large winding current rip-
ples when fed by voltage-source inverters (VSIs) with limited
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switching frequencies. The large current ripples will increase
the electromagnetic torque fluctuation, aggravate the vibration
and noise [2], and bring additional losses to both the stator and
the rotor [3]. The current-source inverter (CSI) is a favorable
candidate for reducing the current ripple in the HSPMSM drive,
benefiting from the inherent output filter capacitor. Also, the
boost capability of the CSI can alleviate the voltage limitations
of the VSI in high-speed operation, thus expanding the operating
range and design freedom of the HSPMSM. In addition, the
issues of high dv/dt and electromagnetic interference can be
suppressed in the CSI-fed system [4], [5]. With these supe-
riorities, the CSI-fed HSPMSM drive attracts more and more
attention [6], [7].

In the configuration of the CSI, the filter capacitor is essential
to buffer the pulsewidth modulation (PWM)-type CSI output
current and the inductive load, resulting in the existence of LC
connections. The LC resonance not only excites oscillations
near the resonance frequency but also endangers the stability
of the control system, which brings challenges to the control
of the CSI-fed system. To solve this problem, resonance damp-
ing measures are necessary in the CSI-fed system. A simple
and effective resonance damping solution is to insert passive
resistors into the CSI filter network, which is so-called passive
damping. However, inserted resistors cause additional power
loss and reduce system efficiency. To avoid inserting the passive
resistor, active damping (AD) strategies for CSI-fed systems
are extensively researched in the literature. Generally, the AD
is implemented in the inner loop of the control system, and an
outer-loop controller is adopted for the control of load current.
The existing AD methods are mainly based on the filter capacitor
voltage feedback [8], [9], [10], [11], [12], [13], [14], [15], which
achieves satisfactory resonance damping effects in permanent
magnet synchronous machine (PMSM) drives [8], [9], [10], [11],
[12] and grid-connected systems [13], [14], [15].

However, it is found in this article that the capacitor voltage
feedback has a limited resonance damping effect in the CSI-fed
HSPMSM system, which is quite different from the conventional
CSI-fed system. Due to the high fundamental frequency and
small stator inductance of the HSPMSM, the natural resonance
frequency of the CSI-fed HSPMSM is relatively high compared
to the conventional situation. In this case, the capacitor volt-
age feedback not only has a limited resonance damping effect
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but may even make the plant unstable. Theoretical analysis
shows that in this case, the capacitor-voltage- and load-current-
feedback-based multistate feedback active damping (MSFAD)
is required to obtain satisfactory damping effects. In [16], the
damping effects of various state feedback in the CSI-fed system
have been exhaustively analyzed and discussed, including the
capacitor voltage, capacitor current, load voltage, and load cur-
rent. However, this work is based on the continuous-time model
and does not take into account digital and PWM delays. In the
HSPMSM drive, the carrier ratio (namely, the ratio of sampling
frequency to fundamental frequency) is relatively small due to
the high fundamental frequency. Under the low carrier ratio, the
accuracy of the continuous-time model decreases because of the
discretization approximation, and the discrete-time model needs
to be adopted to obtain the expected control performance [17].
The series virtual resistor proposed in [18] essentially uses
the capacitor voltage and load current multistate feedback to
dampen the resonance. However, although the stability of this
method is rigorously proven in the discrete domain, the design
process is still based on the continuous-time model. In the au-
thors’ previous work [19], a pole-placement-based current con-
trol method using the motor current feedback is proposed in the
CSI-fed PMSM system. However, this method is not suitable for
high-speed applications since the high fundamental frequency
and the dynamic decoupling problem are not considered. To
obtain the desired AD performance in the CSI-fed HSPMSM
system, the discrete-time-model-based MSFAD needs to be
further studied.

In the low-carrier-ratio case, another challenge is the serious
cross coupling in the dq synchronous frame. The reason for
cross coupling can be explained by the dq transform causing a
nonzero imaginary part in the system transfer function [20], and
the amplitude of the imaginary part will increase as the carrier
ratio decreases, which leads to more serious cross coupling.
State feedforward is a commonly used decoupling method [8],
[18], [21], which aims to directly compensate for cross-coupling
terms. However, the feedforward accuracy decreases in the
low-carrier-ratio case because of the increased system delay.
Adopting a complex controller to cancel the imaginary part of
the plant, which can be noted as the direct cancellation method,
is an effective decoupling method in the VSI-fed system [22],
[23], [24], and it is proven to be effective even at low carrier
ratios [24]. However, theoretical analysis shows that the direct
cancellation method can only solve part of the cross-coupling
problem in the CSI-fed system. In [10], dynamic decoupling
is achieved through a combination of state feedforward and
complex coefficient compensation in the CSI-fed PMSM system
with low carrier ratios. However, this method is not guaranteed
to be suitable for high-speed ranges, since it is not designed for
high-speed motor applications.

To solve the above problems, this article proposes a discrete-
time-model-based dynamic decoupling AD current control
method for the CSI-fed HSPMSM drive with low carrier ratios.
The contributions of this work mainly lie in the following two
aspects.

1) The MSFAD utilizing the capacitor voltage and motor
current feedback are studied based on the discrete-time

Fig. 1. Diagram of the CSI-fed HSPMSM drive.

model. Theoretical analysis shows that the position of the
resonance pole pair can be configured arbitrarily through
the MSFAD, which means that the desired resonance
frequency and damping ratio can be achieved. This is
better than single-state-feedback-based AD that can only
select the resonance pole position on a single locus.

2) Theoretical analysis shows that the signal flow of the
dq-frame-based open-loop transfer function is mainly in
the low-frequency band. On this basis, a low-frequency
equivalent transfer function (LFETF)-based dynamic de-
coupling method is proposed to solve the cross-coupling
problem of the plant after MSFAD.

On the above basis, an outer-loop proportional–integral (PI)
controller is adopted to adjust the magnitude and phase of the
open-loop transfer function. In this way, the desired open-loop
cutoff frequency with enough phase margin (PM) and gain
margin (GM) can be achieved under the wide fundamental
frequency changes of the HSPMSM, which ensures the dynamic
performance, stability, and robustness of the system. The effec-
tiveness of the proposed method is verified by the experiments
on a CSI-fed HSPMSM drive with the fundamental frequency
1000 Hz.

The rest of this article is organized as follows. In Section II, the
discrete-time model of the CSI-fed HSPMSM is developed, and
the resonance phenomenon is analyzed. In Section III, the limits
of the single-state-feedback-based AD are demonstrated, and
the discrete-time-model-based MSFAD is proposed. Section IV
analyzes the frequency spectrum of the open-loop transfer func-
tion signal flow and proposes the LFETF-based dynamic decou-
pling controller. Section V completes the design of the open-loop
Bode plot and evaluates the robustness of the control system.
In Section VI, the experimental results are presented to verify
the effectiveness of the proposed method. Finally, Section VII
concludes this article.

II. MODELING AND RESONANCE ANALYSIS OF THE CSI-FED

HSPMSM SYSTEM

A. Discrete-Time Model of the CSI-Fed HSPMSM

Fig. 1 shows the diagram of the CSI-fed HSPMSM drive. idc

is the dc bus current, and Ldc is the dc bus inductance. C is the
filter capacitor, R is the motor resistance, and L is the motor
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inductance. io is the CSI output current, is is the motor current,
uc is the filter capacitor voltage, and E is the back electromotive
force (EMF) of the HSPMSM. θm and ωm are the rotor position
and speed, respectively.

Since the high-speed PMSM has a limited number of coil
turns, the motor resistance is relatively small, and there is
R � ωeL in high-speed operation (ωe is the motor electrical
angular speed). Accordingly, the motor resistance can be ignored
in the modeling. Also, it is noted that the resistance is the inherent
damping of the system, so ignoring resistance, namely, consid-
eringR = 0, represents the most severe case of resonance. Thus,
ignoring resistance during control design does not endanger the
system stability, which will be verified in Section V-B. On the
other hand, since the mechanical dynamic is much slower than
the electrical dynamic, the back EMF is considered a slow-
changing disturbance and can be automatically compensated
by the controller. Therefore, the back EMF is also ignored in
the modeling. On the above basis, the continuous-time transfer
functions from CSI output current io to motor current is and to
filter capacitor voltage uc are derived as

Gis(s) =
Iαβs (s)

Iαβo (s)
≈ ω2

r

s2 + ω2
r

(1)

Guc(s) =
Uαβ
c (s)

Iαβo (s)
≈ Lω2

rs

s2 + ω2
r

(2)

where

ωr =
1√
LC

(3)

is the natural resonance frequency; Iαβs = Iαs + jIβs , Iαβo =
Iαo + jIβo , and Uαβ

c = Uα
c + jUβ

c are the corresponding com-
plex variables in the frequency domain.

To ensure the model accuracy under low carrier ratios, it is
necessary to develop the discrete-time model. The PWM-type
CSI output current io is considered average within one sampling
period, so the discrete-time transfer functions can be derived by
the zero-order-hold discretization method as

Gis(z) =
z − 1

z
·𝒵

{
Gis(s)

s

}
= η

z + 1

z2 − 2 cos(ωrT )z + 1
(4)

Guc(z) =
z − 1

z
·𝒵

{
Guc(s)

s

}
= μ

z − 1

z2 − 2 cos(ωrT ) + 1
(5)

with

η = 1− cos(ωrT ), μ =

√
L

C
sin(ωrT ) (6)

where 𝒵{·} is the z-transform and T is the sampling period.
In practice, since the signal sampling and control algorithm

running takes a certain amount of time, there is a one-step digital
delay in the PWM duty update. Therefore, the plant transfer
function considering the motor current as the control target is

Gp(z) = z−1Gis(z) =
η(z + 1)

z (z2 − 2 cos(ωrT )z + 1)

Fig. 2. Resonance pole pair of the CSI-fed system.

Fig. 3. Bode plot of the resonance pole pair.

=
η(z + 1)

z(z − ejωrT )(z − e−jωrT )
. (7)

B. Resonance Analysis

According to (7), there is a natural resonance pole pair e±jωrT

with the resonance frequencyωr and modulus 1, as shown by the
red poles in Fig. 2. (When considering the system resistance, the
modulus of the resonance pole is slightly less than 1.) The natural
pole pair causes the transfer function to have large amplitudes
near the resonance frequency, as shown by the red Bode plot in
Fig. 3 (2πfr = ωr, fN is the Nyquist frequency). The towering
resonance peak not only excites oscillations near the resonance
frequency but also endangers the stability of the control system.

To solve the resonance problems, the AD needs to be imple-
mented to change the position of the resonance pole pair. The
purpose of AD is to achieve the desired resonance frequency
f ∗
r and modulus σ, that is, to change the resonance pole pair to
σe±jω∗

rT (ω∗
r = 2πf ∗

r ), as shown by the blue poles in Fig. 2.
The resonance frequency f ∗

r is desired to increase to avoid
low-order harmonics exciting the resonance. Also, the high res-
onance frequency makes the resonance peak far away from the
low-frequency band, which is closely related to system stability,
and is thus beneficial to the design of the control system. On
the other hand, the modulus of resonance pole σ is desired to
decrease to weaken the resonance peak, as shown by the blue
Bode plot in Fig. 3. Therefore, taking the resonance pole in the
upper half-plane as an example, it is hoped that AD can make the
resonance pole move counterclockwise and toward the origin,
as shown by the magenta dashed line in Fig. 2.
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Fig. 4. Control diagram of AD when considering the capacitor voltage and
motor current feedback.

III. DISCRETE-TIME-MODEL-BASED MSFAD UTILIZING THE

CAPACITOR VOLTAGE AND MOTOR CURRENT FEEDBACK

Generally, the AD is based on the capacitor voltage feedback
in CSI-fed systems [8], [10], [13], [14], [15]. However, it is
found that the capacitor voltage feedback has a limited resonance
damping effect in the CSI-fed HSPMSM system. This is because
the natural resonance frequency of the CSI-fed HSPMSM is
relatively high compared with that of the conventional CSI-fed
system. This section will first analyze the above issues and then
propose the discrete-time-model-based MSFAD to achieve the
desired resonance damping effect under low carrier ratios.

Considering the capacitor voltage and motor current feed-
back, the control block diagram of the inner-loop AD is shown in
Fig. 4, where kuc and kis are, respectively, the capacitor voltage
and motor current feedback coefficients, Iαβc is the outer-loop
controller output, and Iαβoc is the CSI output current reference
generated by the overall control strategy. According to Fig. 4,
the transfer function of the plant after AD is

Gαβ
in (z) =

Iαβs

Iαβc

=
z−1Gis(z)

1− kucz−1Guc(z)− kisz−1Gis(z)
. (8)

Since the AD does not need to be implemented in the dq
synchronous frame, the analysis in this section is all based on
the αβ stationary frame.

A. Resonance Damping Effects of the Single-State Feedback

This subsection demonstrates the different resonance damp-
ing effects of single-state feedback (capacitor voltage or motor
current) in the conventional CSI-fed system and the CSI-fed
HSPMSM system. In [8], the capacitor voltage feedback is
adopted to achieve resonance damping in a conventional CSI-fed
PMSM drive. This system serves as an example of the con-
ventional CSI-fed system here, and the parameters are switch-
ing frequency fsw = 16 kHz, sampling frequency fs = 32 kHz,
L = 2 mH, C = 10 μF, and fr = 1.13 kHz [8]. It can be seen
that the natural frequency resonance fr is designed to be sig-
nificantly lower than the switching frequency fsw in order to
filter out the switching frequency harmonics. Note that the
ratio of natural resonance frequency to sampling frequency is
r1 = fr/fs = 0.035.

Fig. 5 shows the resonance pole locus when using 1) capacitor-
voltage-feedback-based or 2) motor-current-feedback-based
AD, which are calculated through (8). It can be seen from

Fig. 5. Resonance pole locus when using the single-state feedback based AD
in the conventional CSI-fed PMSM system [8]. (a) Capacitor voltage feedback.
(b) Motor current feedback.

Fig. 5(a) that, compared with the natural resonance pole marked
in red, the resonance pole meets the requirements of reso-
nance frequency increase and modulus decrease when kuc ∈
[−0.2,−0.1]. This indicates that the resonance damping effect
is good within this range, which is consistent with the results
in [8]. On the other hand, it is obvious from Fig. 5(b) that the
motor current feedback has no resonance damping effect in this
case.

Different from the conventional PMSM, the HSPMSM has
the characteristics of high fundamental frequency and small
inductance, which prevents the CSI-fed HSPMSM from de-
signing the natural resonance frequency in a lower range like
conventional CSI-fed systems. First, if the natural resonance fre-
quency is low, the high fundamental frequency of the HSPMSM
will excite system resonance and make the system unstable.
Also, since the inductance of the HSPMSM is small and the
natural resonance frequency ωr = 1/

√
LC, achieving a small

resonance frequency requires larger filter capacitance, which
increases system size and cost and reduces efficiency. On the
other hand, larger filter capacitance also requires more reactive
current, which can be derived as

idc,E = − ωeE

L(ω2
r − ω2

e)
(9)

where idc,E represents the capacitor current required to maintain
the capacitor voltage that counteracts the back EMFE. Note that
this capacitor current is in the direction of the negative d-axis,
which is orthogonal to the motor active current in the direction
of the q-axis. In the HSPMSM, ωe is high and L is small,
so CSI-fed HSPMSM systems require much more capacitor
current than ordinary CSI-fed PMSM systems. It can be seen
from (9) that idc,E is larger when ωr is lower, namely, when
C is larger. Large idc,E increases the loss of the capacitor and
increases the capacity requirements. Also, since idc,E is supplied
by the CSI, large idc,E requires an increase in the dc-side current
level, thereby increasing system losses and possibly exceeding
the rated current of the dc inductor.

Based on the above discussion, it should select smaller fil-
ter capacitors on the premise that the switching harmonic fil-
tering capability is sufficient. Specifically, the theoretical to-
tal harmonic distortion (THD) of motor current under rated
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TABLE I
PARAMETERS OF THE TESTED CSI-FED HSPMSM DRIVE

Fig. 6. Resonance pole locus when using the single-state-feedback-based AD
in the CSI-fed HSPMSM system. (a) Capacitor voltage feedback. (b) Motor
current feedback.

operating conditions should be less than 5%. It is obtained
through the system simulation in MATLAB/Simulink that the
THD = 3.69% < 5% under C = 8 μF; thus, C is selected to
8 μF in the tested CSI-fed HSPMSM system. The other pa-
rameters are fundamental frequency fe = 1 kHz, fs = 15 kHz,
and L = 400 μH, as listed in Table I. Therefore, fr = 2814 Hz
and the ratio of fr to fs is r2 = 0.187, which is obviously
higher than r1 = 0.035 of the aforementioned conventional
CSI-fed PMSM. In this case, the resonance pole locus when
using 1) capacitor-voltage-feedback-based or 2) motor-current-
feedback-based AD is shown in Fig. 6. Comparing Figs. 5(a)
and 6(a), it is obvious that the resonance damping effect of the
capacitor voltage feedback is very different in the conventional
CSI-fed system and the CSI-fed HSPMSM. Actually, it can be
seen from Fig. 6(a) that the capacitor voltage feedback not only
has no damping effect but also makes the resonance pole un-
stable. Therefore, the existing capacitor-voltage-feedback-based
AD cannot be used for the CSI-fed HSPMSM drive.

On the other hand, it can be seen from Fig. 6(b) that the
motor current positive feedback has a certain resonance damping
effect, which increases the resonance frequency and decreases
the modulus. However, different CSI-fed PMSM applications
have different ratio r of the natural resonance frequency to the
sampling frequency, namely, have different resonance pole loci
when using the single-state feedback. This means that even if
there is a desired AD effect at a certain r, there is no guarantee

that it will still be effective when r changes. To ensure that
the desired AD effects can be achieved and thus the stable
control system can be obtained, the next subsection will study
the MSFAD based on the capacitor voltage and motor current
feedback.

B. Discrete-Time-Model-Based MSFAD Utilizing the
Capacitor Voltage and Motor Current Feedback

The AD utilizing multistate feedback in CSI-fed systems has
been discussed in [16] and [18]. However, these works are based
on the continuous-time model. In this article, the MSFAD will be
analyzed based on the discrete-time model in order to be applied
to the CSI-fed HSPMSM with low carrier ratios.

Substituting (4) and (5) into (8) gives

Gαβ
in (z) =

η(z + 1)

z3 + γ2z2 + γ1z + γ0

∧
=

N(z)

D(z)
(10)

where ⎧⎨
⎩
γ2 = −2 cos(ωrT )
γ1 = −μkuc − ηkis + 1
γ0 = μkuc − ηkis.

(11)

The order of the denominator polynomial D(z) is 3, and the
polynomial coefficients can be configured through the feedback
coefficients kuc and kis, as shown in (11).

Similar to the denominator of the original plant (7), it can
be assumed that D(z) contains a resonance pole pair and a real
pole. Accordingly, the desired D(z) is designed as

D∗(z) = (z − p)
(
z2 − 2σ cos(ω∗

rT )z + σ2
)

= (z − p)(z − σejω
∗
rT )(z − σe−jω∗

rT ) (12)

where σe±jω∗
rT is the desired resonance pole pair, ω∗

r is the
desired resonance frequency, σ is the desired modulus, and p is
the real pole. Equation (12) can be further written in polynomial
form as

D∗(z) ∧
= z3 + γ∗

2z
2 + γ∗

1z + γ∗
0 (13)

with ⎧⎨
⎩
γ∗
2 = −p− 2σ cos(ω∗

rT )
γ∗
1 = σ2 + 2pσ cos(ω∗

rT )
γ∗
0 = −pσ2.

(14)

Let γj = γ∗
j , j = 2, 1, 0; it can be obtained through mathe-

matical operations that

kuc =
1

2μ

{
2σ3 cos(ω∗

rT )− 4σ cos2(ω∗
rT ) cos(ωrT ) + 1

+σ2
(
4 cos2(ω∗

rT )− 2 cos(ωrT )− 1
) }

(15)

kis =
1

2η

{−2σ3 cos(ω∗
rT )− 4σ cos2(ω∗

rT ) cos(ωrT ) + 1
+σ2

(
4 cos2(ω∗

rT ) + 2 cos(ωrT )− 1
) }

(16)

p = 2 (cos(ωrT )− σ cos(ω∗
rT )) . (17)

Based on (15) and (16), it can be seen that, for any desired
resonance frequency ω∗

r and modulus σ, the corresponding
feedback coefficients kuc and kis can be obtained. Therefore,
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Fig. 7. Poles of the original plant Gp(z) and the plant after MSFAD Gαβ
in (z).

the resonance pole position can be configured arbitrarily by the
MSFAD, which is not restricted by the ratio r of the natural
resonance frequency to the sampling frequency. This is better
than single-state-feedback-based AD that can only select the
resonance pole position on a single locus that depends on r, as
shown in Figs. 5 and 6.

On the other hand, (17) shows the position of the real pole p in
the plant after MSFADGαβ

in (z), and it is obvious that p is related
to the desired resonance pole σe±ω∗

rT . It is noted that Gαβ
in (z)

should be stable, which requires that the real pole p is less than 1.
As discussed in Section II-B, we hope that the desired resonance
frequency ω∗

r increases and the desired modulus σ decreases,
which mean cos(ω∗

rT ) < cos(ωrT ) and σ < 1. To ensure that
p < 1, it can be seen from (17) that the increase in ω∗

r and the
decrease in σ cannot be excessive. Considering the possible pole
shift due to the system error, it is recommended to guarantee that

p � 0.95 (18)

which will be analyzed in the next subsection.
Substituting (18) into (17), it can be derived that ω∗

r and σ
should satisfy

σ cos(ω∗
rT ) � cos(ωrT )− 0.475. (19)

Limited by (19), the recommended parameter selection in this
case is

ω∗
r = ωr +

ωN

10
, σ = 0.7 (20)

where ωN is the Nyquist frequency. In the tested CSI-fed
HSPMSM system, the desired resonance frequency is ω∗

r =
(2814 + 750)× 2π = 3564× 2π rad/s according to (20).

The plant after the MSFAD is

Gαβ
in (z) =

Iαβs

Iαβc

=
η(z + 1)

(z − p)(z − σejω∗
rT )(z − σe−jω∗

rT )
.

(21)

The poles of the original plant Gp(z) (in red) and Gαβ
in (z) (in

blue) are shown in Fig. 7. It can be seen that the resonance pole

Fig. 8. Bode plot of the original plant Gp(z) and the plant after MSFAD

Gαβ
in (z).

pair is moved from e±jωrT to σe±jω∗
rT , and the pole at the origin

is moved to p. The Bode plots of Gp(z) (in red) and Gαβ
in (z) (in

blue) are shown in Fig. 8. Obviously, the resonance frequency
is increased, and the resonance peak is suppressed through the
MSFAD, which are consistent with design expectations.

It should be noted that the purpose of this subsection is to
give the discrete analytical expressions of the MSFAD inner
loop, as shown in (15)–(17), and (21), which are the basis for
the subsequent design of the decoupling controller in Section IV
and the current controller in Section V.

In this article, the AD effect is observed through the position
of the resonance pole. In addition, it is well known that the
AD effect of state feedback can be understood as the virtual
impedance. When considering the 1.5-beat control delay, the
capacitor voltage negative feedback can emulate the virtual re-
sistor in parallel with the filter capacitor when cos(1.5ωrT ) > 0
or fr/fs < 1/6 [8], and the motor inductor current positive feed-
back can emulate the virtual capacitor in series with the inductor
when sin(1.5ωrT ) > 0 or fr/fs < 1/3. However, the reso-
nance frequency fr is relatively high in the CSI-fed HSPMSM,
and the ratio is fr/fs = 0.187 > 1/6, which exceeds the ef-
fective range of the capacitor-voltage-negative-feedback-based
virtual resistor. This can be indicated by Fig. 6(a), where the
capacitor voltage feedback cannot move the resonance pole into
the unit circle and bring active damping effects. Although the
ratio fr/fs = 0.187 is in the effective range of the inductor-
current-positive-feedback-based virtual capacitor, it is still dif-
ficult to ensure the desired active damping effects only using
the inductor current feedback. In comparison, the proposed
multistate feedback can ensure the desired AD effects and is
not restricted by fr/fs, which is more suitable for the CSI-fed
HSPMSM system.

In addition to the proportional-feedback-based AD discussed
in this section, there is filter-feedback-based AD in the CSI or
current source rectifier (CSR) system [14], [25], [26], which
can also achieve AD effects with reasonable parameter selection
principles. However, the feedback order of filter-based AD is
greater than or equal to 1, and thus, the order of the corresponding
AD inner loop will increase. This will increase the difficulty of
the dynamic decoupling in the outer loop, so is undesirable in
the CSI-fed HSPMSM with low carrier ratios. By contrast, the
multistate proportional feedback proposed in this article will not
increase the order of the inner-loop transfer function, which is
shown by the comparison between the original plant (7) and the
plant after MSFAD (21). Therefore, the proportional feedback
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Fig. 9. Zero and pole of the plant after MSFAD Gαβ
in (z) when the actual

parameter R changes. (a) p = 0.95. (b) p = 0.99.

Fig. 10. Control diagram of the notch-filter-based AD.

is more recommended than the filter feedback to achieve AD in
the CSI-fed HSPMSM.

C. Analysis of the Selection Principle of p in (18)

Fig. 9 shows the zero and pole of the plant after MSFAD
Gαβ

in (z) when the actual parameter R changes. It can be verified
that the error of L and C hardly causes p to shift, so it is not
discussed. R presents the actual resistance value and is adopted
in the system model. Note that the motor resistance normal value
is Rnorm = 0.3 Ω, which is listed in Table I. However, the actual
value of the resistance is likely to increase due to cable resistance,
terminal resistance, temperature rise, and the skin effect of high-
frequency motors. Therefore, the set actual resistanceR in Fig. 9
is up to 0.9 Ω (= 3Rnorm). It can be seen from Fig. 9(a) that,
when p is set to 0.95, p has a certain shift as R increases from
0 to 0.9 Ω, but it is still inside the unit circle. However, it is
observed from Fig. 9(b) that, when p is set to 0.99, p shifts
outside the unit circle as R increases from 0 to 0.9 Ω, which
means that the stability of the control system will be affected.
The above analysis indicates that setting p too close to 1 will
affect system stability under the parameter error, and p � 0.95
is a reliable condition for maintaining stability.

D. Comparative Analysis Between the MSFAD and the
Notch-Filter-Based AD

Fig. 10 shows the control diagram of the notch-filter-based
AD, which is expected to use the notch filter to cancel the
resonance peak of the original plant [27]. The transfer function
of the notch filter is as follows [28]:

Gn(z) =
(1 + η2)z

2 − 2η1z + (1 + η2)

2(z2 − η1z + η2)
. (22)

Coefficients η1 and η2 are expressed as

η1 =
2 cos(ω0T )

1 + tan(ΩT
2 )

, η2 =
1− tan(ΩT

2 )

1 + tan(ΩT
2 )

(23)

Fig. 11. Bode plot of the original plant Gp(z) and the plant after the notch-
filter-based AD with accurate parameters.

Fig. 12. Bode plot of the plant after the notch-filter-based AD with ±30%
error of motor inductance L.

where ω0 is the notch frequency and Ω is the 3-dB rejection
bandwidth. In this study, ω0 is set to the natural resonance
frequency 2814 × 2π rad/s, Ω is set to 2000 × 2π rad/s.

Fig. 11 shows the Bode plot of the original plant (red) and the
plant after the notch-filter-based AD with accurate parameters
(blue). It can be seen that the resonance peak is well dampened
when the parameters are accurate. However, Fig. 12 shows
the Bode plot with ±30% error of motor inductance L, where
Lnorm is the normal inductance adopted in the controller, and
L is the actual inductance adopted in the system model. It is
shown that the resonance peak cannot be dampened under the
parameter error, which indicates that the parameter robustness
of the notch-filter-based AD is poor. In contrast, Fig. 13 shows
the Bode plot of the plant after the MSFAD with ±30% error
of motor inductance L. It can be seen that the resonance peak
is still well dampened despite the parameter error. The above
comparisons demonstrate that the robustness of the proposed
MSFAD is significantly better than the notch-filter-based AD.

IV. LFETF-BASED DYNAMIC DECOUPLING CONTROLLER

In order to achieve high-performance current control under
a wide range of fundamental frequency changes, the outer-loop
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Fig. 13. Bode plot of the plant after the MSFAD with ±30% error of motor
inductance L.

current controller should be developed in the dq synchronous
frame. For the convenience of discussion, the inner-loop transfer
function after MSFAD Gαβ

in (z) is divided into three parts

Gαβ
in (z)=η · 1

(z − p)︸ ︷︷ ︸
Gαβ

in1

· (z + 1)︸ ︷︷ ︸
Gαβ

in2

· 1

(z − σejω∗
rT )(z − σe−jω∗

rT )︸ ︷︷ ︸
Gαβ

in3

.

(24)

Substituting zejωeT for z into (24) gives the transfer function in
the dq frame [10]

Gdq
in(z) = η · 1

(zejωeT − p)︸ ︷︷ ︸
Gdq

in1

· (zejωeT + 1
)︸ ︷︷ ︸

Gdq
in2

· 1

(zejωeT − σejω∗
rT )(zejωeT − σe−jω∗

rT )︸ ︷︷ ︸
Gdq

in3

. (25)

It can be seen from (25) that the dq transformation causes
the complex term ejωeT = cos(ωeT ) + j sin(ωeT ) to appear
in the transfer function, which results in a nonzero imaginary
part of the transfer function, namely, Gdq

in = Gdq
in,r + jGdq

in,i. In
this case, the input excitation of the d-axis or q-axis will not
only cause responses in this axis but also cause responses in
the other axis, that is, the cross-coupling phenomenon [20]. As
the fundamental frequency fe increases, the carrier ratio of the
control system ξ = fs/fe decreases, and the imaginary part of
the complex term j sin(ωeT ) = j sin(2π/ξ) increases, thereby
aggravating the cross coupling. At low carrier ratios, cross
coupling seriously affects the dynamic performance and stability
of the system, and effective dynamic decoupling measures are
necessary to be taken.

According to (25), Gdq
in1 can be decoupled by the direct can-

cellation method [22], [23], [24], and the corresponding dynamic
decoupling controller is

Gdd1(z) =
zejωeT − p

z − p1
. (26)

Fig. 14. Diagram of the closed-loop control system in the dq frame.

The transfer function after dynamic decoupling is

Ga1 = Gdd1 ·Gdq
in1 =

1

z − p1
. (27)

Since the complex term is canceled, dynamic decoupling is
achieved. It is noted that the denominator term (z − p1) of Gdd1

is used to ensure that the denominator order of Gdd1 is not lower
than the numerator order, thereby ensuring its realizability.

However, the direct cancellation method does not apply to the
remaining parts Gdq

in2 and Gdq
in3. Gdq

in2 corresponds to a negative
unit zero. If a negative unit pole is used to cancel Gdq

in2, it
will cause an oscillation component in the controller output
thus making the control system unstable. Gdq

in3 corresponds
to the resonance pole pair, and directly canceling it requires
high parameter accuracy. Also, if a second-order numerator is
used to cancel the resonant pole pair, a suitable second-order
denominator is also needed to meet the realizability requirement,
which increases the complexity of the controller design.

In this section, an LFETF-based dynamic decoupling method
is proposed for Gdq

in2 and Gdq
in3. The next subsection will first

explain that the signal flow of the dq-frame-based open-loop
transfer function is mainly in the low-frequency band.

A. Frequency Analysis of Open-Loop Transfer Function
Signal Flow

Fig. 14 shows the diagram of the closed-loop control system
in the dq frame, where Gol is the open-loop transfer function
and Gcl is the closed-loop transfer function. Assuming that the
control system has been properly designed, the unit step response
of the motor current idqs can be approximated as the negative
exponential type, as shown by the red waveform in Fig. 15(a),
namely

idqs (t) = (1− e−at)ε(t) (28)

where ε(t) is the unit step function. Therefore, the open-loop
transfer function input idqs,err is

idqs,err(t) = e−atε(t) (29)

as shown by the blue waveform in Fig. 15(a). Assume that the
motor current reaches 90% of the step response reference value
at the tenth sampling period T , i.e.,

idqs (10T ) = 1− e−a×10T = 0.9 ⇒ a = − ln 0.1

10T
. (30)

In this study, the sampling frequency fs = 15 kHz; thus, a ≈
3454 according to (30). Then, based on the Fourier transform,
the frequency spectrum of the open-loop input signal idqs,err can
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Fig. 15. Signals of the control system in the dq frame. (a) Signals in the closed-loop system. (b) Frequency spectrum of the open-loop input idqs,err. (c) Bode plot
of the open-loop transfer function. (d) Frequency spectrum of the open-loop signal flow.

be obtained by

|Is,err(jω)| =
∣∣∣∣
∫ ∞

−∞
e−atε(t) · e−jωtdt

∣∣∣∣ = 1√
a2 + ω2

(31)

as shown in Fig. 15(b). Obviously, the open-loop input signal is
mainly in the low-frequency band.

Furthermore, the open-loop cutoff frequency fc will be de-
signed to be fs/40, i.e., fc = 15000/40 = 375 Hz. At the same
time, in order to take into account the dynamic performance
and robustness of the control system, the slope of the open-loop
magnitude–frequency characteristic in low- and mid-frequency
bands will be designed to be−20 dB/dec, as shown in Fig. 15(c).

Multiplying the waveforms in Fig. 15(b) and (c), the frequency
spectrum of the open-loop transfer function signal flow can be
obtained, as shown in Fig. 15(d). It indicates that, if the control
system has been properly designed, the open-loop signal flow
is mainly in the low-frequency band, specifically 0–100 Hz in
this case. On this basis, it is a reasonable idea to consider only
low-frequency bands when studying the dynamic decoupling of
Gdq

in2 and Gdq
in3.

B. LFETF-Based Dynamic Decoupling Controller for Gdq
in2

According to (24), the frequency characteristic of Gαβ
in2 is

Gαβ
in2(z)

∣∣∣
z=ejωT

= ejωT + 1 ⇒
{∣∣∣Gαβ

in2

∣∣∣ = 2 cos(ωT
2 )

∠Gαβ
in2 = ωT

2 .

(32)

When f ∈ [0, 100 Hz], there is ωT
2 = 2πfT

2 ∈ [0, 0.042 rad]
(T = 66.67 μs is the sampling period). Within this angle range,
cos(ωT

2 ) ≈ 1 obviously holds. Thus, the magnitude frequency

characteristic of Gdq
in2 in the low-frequency band is |Gαβ

in2| ≈ 2,
and the phase frequency characteristic is ∠Gαβ

in2 = ωT
2 . Accord-

ingly, ∠Gαβ
in2 in the low-frequency band can be equivalent to

G̃αβ
in2 = 2z

1
2 (33)

where the tilde at the top represents the LFETF. After dq trans-
formation, it becomes

G̃dq
in2 = 2(zejωeT )

1
2 . (34)

Obviously, placing G̃dq
in2 on the denominator of the decoupling

controller can achieve cancellation, namely

G′
dd2 =

1

G̃dq
in2

=
1

2(zejωeT )
1
2

. (35)

However, the fractional power of z cannot be realized in the
actual control system, so the decoupling controller G′

dd2 cannot
be used directly. To solve this problem, set the numerator of the
decoupling controller to G̃αβ

in2, namely

Gdd2 =
G̃αβ

in2

G̃dq
in2

=
2z

1
2

2(zejωeT )
1
2

= e−
1
2 jωeT . (36)

The fractional powers of z are canceled, thereby ensuring the
realizability of the decoupling controller.

According to (25), the complex transfer function Gdq
in2 is

written as

Gdq
in2 = zejωeT + 1 = z cos(ωeT ) + 1︸ ︷︷ ︸

Gdq
in2,r

+j z sin(ωeT )︸ ︷︷ ︸
Gdq

in2,i

. (37)

After adopting the proposed dynamic decoupling controller
Gdd2, it becomes (without approximation)

Ga2 = Gdd2 ·Gdq
in2 = ze

1
2 jωeT + e−

1
2 jωeT

= (z + 1) cos( 12ωeT )︸ ︷︷ ︸
Ga2,r

+j (z − 1) sin( 12ωeT )︸ ︷︷ ︸
Ga2,i

. (38)

To evaluate the dynamic decoupling performance, the magnitude
ratio of the imaginary part (|Gi|) to the real part (|Gr|) is
calculated based on (37) and (38), as shown in Fig. 16. The
fundamental frequency is from 0 to 1500 Hz (1.5 times the rated
fundamental frequency), and the signal frequency is from 0 to
100 Hz since the open-loop signal flow is mainly in the low-
frequency band. It can be seen from Fig. 16(a) that the magnitude
ratio of Gdq

in2 increases as the fundamental frequency increases,
which means an increase in cross coupling. The magnitude ratio
after dynamic decoupling is shown in Fig. 16(b), which shows
that the amplitude ratio is significantly reduced, that is, the cross
coupling is alleviated. Comparing the A point in Fig. 16(a) and
the C point in Fig. 16(b), the amplitude ratio of 0-Hz signal
is reduced from 0.21 to 0 at the rated fundamental frequency
1000 Hz. Comparing the B point in Fig. 16(a) and the D point
in Fig. 16(b), the amplitude ratio of 0-Hz signal is reduced from
0.33 to 0 at 1.5 times rated fundamental frequency 1500 Hz.
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Fig. 16. Evaluation of the dynamic decoupling performance of Gdd2 for Gdq
in2: the magnitude ratio of the imaginary part to the real part of the transfer function.

(a) Original plant: Gdq
in2. (b) Plant after dynamic decoupling Ga2.

Fig. 17. Bode plot of Gαβ
in3 and G̃αβ

in3.

Evidently, the dynamic decoupling of Gdq
in2 is achieved through

the LFETF-based decoupling controller Gdd2.

C. LFETF-Based Dynamic Decoupling Controller for Gdq
in3

According to (24), the frequency characteristic of Gαβ
in3 can

be derived as∣∣∣Gαβ
in3(z)

∣∣∣
z=ejωT

∧
=

1

A(ω)
∠Gαβ

in3(z)
∣∣∣
z=ejωT

∧
= −ϕ(ω)

(39)

with

A(ω) = σ2

√
(1 + 1

σ2 )
2 − 4 1

σ (1 +
1
σ2 ) cos(ω

∗
rT ) cos(ωT )

+ 4 1
σ2 [cos

2(ω∗
rT ) + cos2(ωT )− 1]

(40)

ϕ(ω) = 2ωT+actan
[
sin((ω∗

r−ω)T ), cos((ω∗
r − ω)T )− 1

σ

]
+ actan

[− sin((ω∗
r + ω)T ), cos((ω∗

r + ω)T )− 1
σ

]
(41)

which is relatively complicated. Fortunately, it can be found
from the Bode plot of Gαβ

in3 (red) in Fig. 17 that its amplitude is
approximately constant, and its phase changes regularly in the
low-frequency band. Therefore, (40) and (41) can be simplified
as follows in the low-frequency band:

A(ω) ≈ A(0)

= σ2

√(
1+

1

σ2

)2

−4
1

σ

(
1+

1

σ2

)
cos(ω∗

rT ) + 4
1

σ2
cos2(ω∗

rT )

(42)

ϕ(ω) ≈ ρωT. (43)

ρ is obtained by fitting ∠Gαβ
in3 in the low-frequency band, which

is calculated as

ρ = 0.3σ2 − 1.7σ + 2.4. (44)

Based on (39), (42), and (43), the LFETF of Gαβ
in3 is

G̃αβ
in3 =

1

A(0)
z−ρ. (45)

The Bode plot of G̃αβ
in3 is shown in blue in Fig. 17, which confirms

that G̃αβ
in3 is equivalent to Gαβ

in3 in the low-frequency band.
After dq transformation, the LFETF becomes

G̃dq
in3 =

1

A(0)
(zejωeT )−ρ. (46)

Then, the decoupling controller is designed similarly to (36),
namely

Gdd3 =
G̃αβ

in3

G̃dq
in3

=

1
A(0)z

−ρ

1
A(0) (ze

jωeT )−ρ = eρjωeT . (47)

According to (25), the complex transfer function Gdq
in3 is

written as

Gdq
in3 =

1

z2e2jωeT − 2εσzejωeT + σ2

=
z2 cos(2ωeT )− 2εσz cos(ωeT ) + σ2

Min3︸ ︷︷ ︸
Gdq

in3,r

+ j
−z2 sin(2ωeT ) + 2εσz sin(ωeT )

Min3︸ ︷︷ ︸
Gdq

in3,i

(48)

with

Min3 =
(
z2 cos(2ωeT )− 2εσz cos(ωeT ) + σ2

)2
+
(
z2 sin(2ωeT )− 2εσz sin(ωeT )

)2
(49)
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Fig. 18. Evaluation of the dynamic decoupling performance of Gdd3 for Gdq
in3: The magnitude ratio of the real part to the imaginary part of the transfer function.

(a) Original plant: Gdq
in3. (b) Plant after dynamic decoupling: Ga3.

where ε = cos(ω∗
rT ). After adopting the proposed dynamic

decoupling controllerGdd3, it becomes (without approximation)

Ga3 = Gdd3 ·Gdq
in3

=
1

z2e(2−ρ)jωeT − 2εσze(1−ρ)jωeT + σ2e−ρjωeT

=
z2cos((2−ρ)ωeT )−2εσzcos((1−ρ)ωeT )+σ2 cos(ρωeT )

Ma3︸ ︷︷ ︸
Ga3,r

+j
−z2sin((2−ρ)ωeT )+2εσzsin((1−ρ)ωeT )+σ2sin(ρωeT )

Ma3︸ ︷︷ ︸
Ga3,i

(50)

with

Ma3 =[
z2cos((2−ρ)ωeT )−2εσz cos((1−ρ)ωeT )+σ2 cos(ρωeT )

]2
+
[
z2sin((2−ρ)ωeT )−2εσzsin((1−ρ)ωeT )−σ2sin(ρωeT )

]2
(51)

Based on (48)–(51), the magnitude ratio of the imaginary part
to the real part is shown in Fig. 18. It can be seen from Fig. 18(a)
that the magnitude ratio of Gdq

in3 increases significantly as the
fundamental frequency increases, which means the aggravation
of cross coupling. In particular, the A point in Fig. 18(a) shows
that the amplitude ratio of 0-Hz signal is up to 0.64 at the
fundamental frequency 1000 Hz, which means that the cross
coupling is serious. After dynamic decoupling, this amplitude
ratio is significantly reduced to 0.002, as shown by the C point
in Fig. 18(b). In addition, comparing the B point in Fig. 18(a)
and the D point in Fig. 18(b), the amplitude ratio of 0-Hz signal
is reduced from 1.19 to 0.019 at 1.5 times rated fundamental

frequency 1500 Hz. Evidently, the dynamic decoupling effect
of Gdd3 for Gdq

in3 is verified.

D. Overall Dynamic Decoupling Controller

According to (26), (36), and (47), the overall dynamic decou-
pling controller is

Gdd(z) = Gdd1Gdd2Gdd3 =
zejωeT − p

z − p1
· e(− 1

2+ρ)jωeT

(52)

which combines the existing direct cancellation method (Gdd1)
and the proposed LFETF-based method (Gdd2, Gdd3).

V. OPEN-LOOP BODE PLOT DESIGN AND ROBUSTNESS

EVALUATION

Fig. 19 shows the overall control diagram of the proposed cur-
rent control method for the CSI-fed HSPMSM drive, where the
black boxes represent the original plant, the red boxes represent
the inner-loop MSFAD part, and the blue boxes represent the
outer-loop current control part.

A. Design of the Open-Loop Transfer Function Bode Plot

According to (25) and (52), the dq frame transfer function
after MSFAD and dynamic decoupling is

Ga = GddG
dq
in

=e(−
1
2+ρ)jωeT

η(zejωeT +1)

(z − p1)(zejωeT −σejω∗
rT )(zejωeT −σe−jω∗

rT )
.

(53)

On this basis, a PI controller is adopted to adjust the ampli-
tude and phase of the open-loop transfer function, as shown in
Fig. 19. Also, the integrator in the PI controller ensures the zero
steady-state error tracking of the motor current reference at the
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Fig. 19. Overall control diagram of the proposed control method for the CSI-fed HSPMSM drive.

fundamental frequency. The PI controller is expressed as

Gpi = k
z − δ

z − 1
. (54)

Thus, the open-loop transfer function is

Gol = GpiGa

=
e(−

1
2+ρ)jωeT · kη(z − δ)(zejωeT +1)

(z − 1)(z − p1)(zejωeT −σejω∗
rT )(zejωeT −σe−jω∗

rT )
.

(55)

Note that the frequency characteristics of the first-order term
in the z domain are

G1(z) = z − c

⇒
⎧⎨
⎩|G1(z)|z=ejωT =

√
(cos(ωT )−a)2+sin2(ωT )

∧
=A1(ω,c)

∠G1(z)|z=ejωT = actan
(

sin(ωT )
cos(ωT )−c

) ∧
= ϕ1(ω,c).

(56)

It can be deduced by (56) that

G′
1 = z + 1 ⇒ |G′

1| = 2 cos

(
ωT

2

)
,∠G′

1 =
ωT

2
(57)

G′′
1 = z − 1 ⇒ |G′′

1| = 2 sin

(
ωT

2

)
,∠G′′

1 =
π

2
+

ωT

2
.

(58)

Also, it should be noted that the frequency characteristic will
shift to the left after the dq transformation, namely

Gdq(z) = Gαβ(zejωeT ) ⇒
{ ∣∣Gdq

∣∣(ω) = ∣∣Gαβ
∣∣ (ω + ωe)

∠Gdq(ω) = ∠Gαβ(ω + ωe).

(59)

According to (39), (40), (43), and (56)–(59), the frequency
characteristics of the open-loop transfer function are

|Gol(z)|z=ejωT =
kη cos

(
(ω+ωe)T

2

)
A1(ω, δ)

sin
(
ωT
2

)
A(ω + ωe)A1(ω, p1)

(60)

∠Gol(z)|z=ejωT = − π

2
− ρωT + ϕ1(ω, δ)− ϕ1(ω, p1).

(61)

Fig. 20. Bode plot of the open-loop transfer function.

The desired cutoff frequency of Gol is set to fc = fs/40 =
375 Hz, and there is ωc = 2πfc. The desired phase margin is set
to PM = 60◦ = π/3 rad. Thus, substituting ωc into (61) gives

∠Gol(ωc) = − π

2
− λωcT + ϕ1(ωc, δ)− ϕ1(ωc, p1)

= PM − π. (62)

Based on (56) and (62), the zero of the PI controller can be
derived as

δ = cos(ωcT )− sin(ωcT )

tan
(
PM − π

2 + ρωcT + ϕ1(ωc, p1)
) . (63)

Furthermore, substituting ωc into (60) gives

|Gol|(ωc) =
kη cos

(
(ωc+ωe)T

2

)
A1(ωc, δ)

sin
(
ωcT
2

)
A(ωc + ωe)A1(ωc, p1)

= 1. (64)

Then, the PI gain can be derived from (64) as

k =
sin

(
ωcT
2

)
A(ωc + ωe)A1(ωc, p1)

η cos
(

(ωc+ωe)T
2

)
A1(ωc, δ)

. (65)

With the above design process, the Bode plot of the open-loop
transfer function Gol(z) is shown in Fig. 20, and the system
parameters are listed in Table I. It can be seen that, as the
fundamental frequency fe increases from 0 to 1500 Hz, the
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Fig. 21. Pole of the closed-loop transfer function when the fundamental
frequency fe changes.

cutoff frequency fc is kept at 375 Hz, and the PM is kept at
60◦. Also, since the resonance frequency is increased and the
resonance peak is suppressed through the MSFAD, the GM is
greater than 12 dB, which is large enough. In addition, it is
obvious that the slope ofGol in the low- and mid-frequency bands
is about −20 dB/dec, which means that the control system has
good dynamic performance and robustness. Since the open-loop
Bode plot already meets the design requirements, there is no
need to introduce other compensators in the control system.

B. Robustness Evaluation

To evaluate the robustness of the proposed control method, the
closed-loop pole diagram of the control system is drawn with
the motor resistance R considered in the system model. Fig. 21
shows the closed-loop pole when the fundamental frequency fe
changes (noncritical poles are omitted). From the part circled in
red, it can be seen that the dominant pole of the system hardly
changes with the fundamental frequency, which shows that the
proposed method can maintain consistent dynamic performance
when the fundamental frequency changes. At the same time, it
can be seen from the red dotted arrow that the other pair of poles
moves clockwise as the fundamental frequency rises and has
no tendency to move outside the unit circle. This shows that the
proposed control method can maintain system stability when the
fundamental frequency changes in a wide range.

Fig. 22 shows the closed-loop poles when the estimated
parameters L̂ and Ĉ change. L̂ and Ĉ are used to calculate the
controller parameters, the model parameters R, L, and C are
set to normal values as listed in Table I, and fe = 1000 Hz. As
shown in Fig. 22(a), the position of the dominant pole circled in
red almost remains unchanged when L̂ changes from 0.7Lnorm

to 1.3Lnorm (the subscript norm represents the normal value listed
in Table I). The other pole pair has a tendency to move outside
the unit circle, as shown by the red dotted line, but the poles are
still within the unit circle. Fig. 22(b) shows the closed-loop poles
when Ĉ changes from 0.7Cnorm to 1.3Cnorm, which indicates that
the change of the pole is similar to Fig. 22(a). This is because
the positions of L and C in the system model are similar, as
shown in (4) and (5). It is obvious from Fig. 22 that, under the
±30% error of L̂ and Ĉ, closed-loop poles remain within the
unit circle, and there is still a certain distance from the boundary

Fig. 22. Pole of the closed-loop transfer function when the estimated param-
eters L̂ and Ĉ change (fe = 1000 Hz). (a) L̂ from 0.7Lnorm to 1.3Lnorm. (b) Ĉ
from 0.7Cnorm to 1.3Cnorm.

Fig. 23. Pole of the closed-loop transfer function when motor resistance R
changes (fe = 1000 Hz).

Fig. 24. Experimental platform of the tested CSI-fed HSPMSM drive.

of the unit circle, which verifies the parameter robustness of the
proposed control method.

On the other hand, Fig. 23 shows the closed-loop poles when
motor resistance R changes from 0 to 3 Ω (10Rnorm). The
changingR is adopted in the system model, the other parameters
are set to normal values, and fe = 1000 Hz. It can be seen that
as R increases, the position of the dominant pole circled in red
almost remains unchanged, while the other pair of poles tends to
move toward the center of the circle. This indicates that the motor
resistance is beneficial to the stability of the control system and
also proves the feasibility of adopting the model that ignores
resistance for control design in the CSI-fed system, as described
in Section II-A.
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Fig. 25. Diagram of the control system and the digital implementation of the proposed control method for the CSI-fed HSPMSM.

TABLE II
PARAMETERS OF THE PROPOSED CONTROL METHOD (CALCULATED IN SEQUENCE)

VI. EXPERIMENTAL VERIFICATION

Fig. 25 shows the diagram of the control system and the digital
implementation of the proposed control method for the CSI-fed
HSPMSM. The experimental platform of the CSI-fed HSPMSM
drive is shown in Fig. 24, in which a front-stage dc–dc converter
is used to maintain dc current of the CSI. The tested HSPMSM is
coaxially connected to a similar HSPMSM with three-phase load
resistors. Under the rated speed 12 000 r/min, the load current
iq is about 5 A and the system power is about 1.3 kW.

A resolver model TS2640N321E64 supplied by Tamagawa
is installed on the tested HSPMSM to measure the rotor po-
sition and speed, and the resolver-to-digital converter uses

AD2S1210 supplied by Analog Devices. The adopted MCU is
TI TMS320F28377D with the 200-MHz system clock, and the
experimental data are sent to the host computer by the Ethernet
module. The system parameters are listed in Table I. The pa-
rameters of the proposed control method and their calculation
method are summarized in Table II. Note that the parameters
listed in Table II should be calculated in sequence, and each
parameter is composed of the basic parameters (L,C, T, ωe)
and the parameters that have already been calculated.

In this study, the target application is the high-speed (n >
10 000 r/min) and high-power (hundreds of kilowatts) PMSM
drive. Usually, the ratio of switching frequency to fundamental
frequency is required to be higher than 8 in the high-speed
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Fig. 26. Control diagram of the existing methods based on voltage feedback AD [9], [10].

PMSM drive to ensure the feasibility of filter design, acceptable
motor current steady-state performance (THD), and dynamic
performance (step response time). The fundamental frequency
of the tested HSPMSM is 1 kHz, so the switching frequency
should be higher than 8 kHz and is selected to 10 kHz in this
experimental platform. As well known, the diode is used in
series with ordinary switching devices (MOSFET or insulated gate
bipolar transistor) to obtain reverse voltage blocking capability
in the CSI. In this case, it is difficult for Si-based devices to
achieve the 10-kHz switching frequency due to the large power
loss. Therefore, the SiC-based devices (SiC-based MOSFET and
Schottky diode) are necessary to reduce the power loss, thus
achieving a switching frequency of around 10 kHz. At present,
the single SiC-based device cannot reach the power level of
hundreds of kilowatts, so multiple SiC-based devices need to be
connected in parallel or commercial high-power SiC modules
need to be used. On the other hand, there are currently new
monolithic switching devices with reverse voltage blocking ca-
pability, which mainly include the GaN-based dual-gate mono-
lithic bidirectional switch [29] and the SiC-based monolithic
reverse blocking transistor [30]. These new monolithic switch-
ing devices can eliminate series diodes, thus further reducing
power losses.

A. Comparison With the Existing Methods Based on Voltage
Feedback AD

To illustrate the improvements of the proposed MSFAD-based
control method for the CSI-fed HSPMSM, this article experi-
ments with the two existing control methods [9], [10], which
adopt capacitor voltage feedback AD and are designed for the
conventional CSI-fed PMSM with low carrier ratios. The control
diagram of these two existing methods is shown in Fig. 26. It
can be seen that the voltage control inner loop is adopted, which
can be regarded as the voltage feedback AD. The traditional
feedforward decoupling method is implemented, as marked by
magenta. In [10], the complex coefficient compensations are pro-
posed to further improve the dynamic decoupling performance
at low carrier ratios, as marked by green.

The P-type voltage controllers and PI-type current controllers
of the two existing methods are

kpv = 2πf1C, Gpi =
(kpi + kpiiT )z − kpi

z − 1
(66)

with kpi = 2πf2L and kii = 2πf2R. With the parameters of the
tested CSI-fed HSPMSM system, f1 and f2 are tuned to 1000

Fig. 27. Closed-loop poles of the existing methods based on voltage feedback
AD, the fundamental frequency fe from 0 to 500 Hz. (a) Existing Method 1 [9].
(b) Existing Method 2 [10].

and 1200 Hz, respectively. The complex coefficient compensa-
tion items for these two methods are set as follows.

Existing Method 1 [9]: kt = 1 and kc = 0, which mean that
only basic digital delay compensation is used.

Existing Method 2 [10]: kt = 1.5 and kc = 1, which are tuned
according to the design principle in [10].

The closed-loop poles of the tested CSI-fed HSPMSM system
when adopting the existing methods are shown in Fig. 27; the
fundamental frequency fe is set to 0–500 Hz (0–6000 r/min). It
can be seen from Fig. 27(a) that, when adopting Existing Method
1, the resonance pole drifts out of the unit circle at 300 Hz, which
means that the control system becomes unstable. It is shown
in Fig. 27(b) that the stable boundary frequency is also 300 Hz
when adopting Existing Method 2, which is because the complex
compensation terms are designed for dynamic decoupling and
do not enhance the stability range. In contrast, proposed method
can remain stable from 0 to 1500 Hz, as shown in Fig. 21.

Fig. 28 shows the comparison of acceleration performance
with the existing methods. Fig. 28(a) and (b) indicates that
the control system adopting existing methods loses stability
when accelerating to close to 4500 r/min (375 Hz), which is
still far from the rated speed of 12 000 r/min (1000 Hz). It is
observed that the stable frequency range in the experiments
(0–375 Hz) is larger than that in the closed-loop pole diagram of
Fig. 27 (0–300 Hz). This is because there are other resistances
in addition to the motor resistance, including the resistances
of wires, filter capacitors, and semiconductor devices. These
unmodeled resistances are intrinsic damping in the system and
will extend the stability range. In comparison, Fig. 28(c) shows
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Fig. 28. Experimental results: Acceleration performance comparison with the existing methods based on voltage feedback AD. (a) Existing method 1. (b) Existing
method 2. (c) Proposed method.

Fig. 29. Experimental results: Dynamic performance comparison with the existing methods based on voltage feedback AD, n = 3000 r/min (250 Hz).
(a) Existing method 1. (b) Existing method 2. (c) Proposed method.

that the HSPMSM can accelerate to the rated speed 12 000 r/min
stably when adopting the proposed method.

The comparisons of dynamic performance at 3000 r/min
(250 Hz) are shown in Fig. 29, in which iq steps from 2 to 5 A
at 20 ms and returns to 2 A at 60 ms, and id reference is set
to 0. Comparing the experimental results of Existing Method
1 [see Fig. 29(a)], Existing Method 2 [see Fig. 29(b)], and
the proposed method [see Fig. 29(c)], it can be seen that the
settling times of step response are 6.7, 5.7, and 1.8 ms, respec-
tively, and the overshoots are 0.85 A (28.3%), 0.73 A (24.3%),
and 0.4 A (13.3%), respectively, which mean that the dynamic
performance of the proposed method is improved. In addition,
during the 3-A step response of iq at 20 ms, the fluctuation of
id are 0.5 A (16.7%) when adopting Existing Method 1. By
contrast, there is almost no fluctuation in id when adopting
Existing Method 2 and the proposed method, which indicates
that the complex compensation items in [10] and the decoupling
controller proposed in this article both have dynamic decoupling
effects. On the other hand, it can be seen that the iq steady-state
fluctuation of Existing Method 1 is 0.46 A, which is larger than
those of Existing Method 2 (0.29 A) and the proposed method
(0.32 A).

In summary, Existing Method 2 has better decoupling perfor-
mance and steady-state performance than Existing Method 1.
Compared with Existing Method 2, the proposed method further
significantly improves dynamic performance. More importantly,
the proposed method can stably accelerate the HSPMSM to the
rated speed 12 000 r/min, but these existing methods can only
stably accelerate to about 4500 r/min. It is found that a larger
frequency stability range can be obtained by adjusting f1 and
f2 in these existing methods, but at the same time, the dominant
poles will be too close to the unit circle boundary, resulting in
unacceptable dynamic performance. The above comparisons in-
dicate that the MSFAD is more stable than voltage feedback AD
in the CSI-fed HSPMSM system and also verify the effectiveness
of the proposed control method.

B. dq-Axis Decoupling Performance

To evaluate the performance of the proposed LFETF-based
decoupling method, three cases are set up for experimental
comparisons, which are specific as follows.

Case 1: The decoupling controller Gdd = 1, which means no
decoupling measures are taken.
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Fig. 30. Experimental results for decoupling performance evaluation: the q-axis current step responses of Cases 1–3 at 6000, 9000, and 12 000 r/min. (a) Case 1:
n= 6000 r/min. (b) Case 1: n= 9000 r/min. (c) Case 1: n= 12 000 r/min. (d) Case 2: n= 6000 r/min. (e) Case 2: n= 9000 r/min. (f) Case 2: n= 12 000 r/min.
(g) Case 3: n = 6000 r/min. (h) Case 3: n = 9000 r/min. (i) Case 3: n = 12 000 r/min.

Case 2:Gdd = Gdd1, which means only using the existing direct
cancellation method.

Case 3: Gdd = Gdd1Gdd2Gdd3, which means using both the
existing direct cancellation method Gdd1 and the proposed
LFETF-based decoupling method Gdd2, Gdd3.

The experimental comparisons of Cases 1–3 at the speed of
6000, 9000, and 12 000 r/min are shown in Fig. 30, in which
iq steps from 2 to 5 A at 10 ms and returns to 2 A at 20 ms,
and id reference is set to 0. The fluctuations of id during the
step response of iq are marked in Fig. 30, by which the dq-axis
coupling degree can be evaluated. The id fluctuations during
the +3 A step response of iq are summarized in Fig. 31. It can
be seen that, in Case 1, id fluctuations are 0.93 A (31.0%) at
6000 r/min, 1.39 A (46.3%) at 9000 r/min, and 2.48 A (82.7%)
at 12 000 r/min. Obviously, the dq-axis coupling becomes more
and more serious as the speed increases when no decoupling
measures are taken (Case 1). It is also shown in Fig. 31 that the
id fluctuations of Case 2 are mitigated compared with that of
Case 1, but the id fluctuation at the rated speed 12 000 r/min

Fig. 31. Comparison of the dq-axis coupling degree in Fig. 30: the d-axis
current fluctuations during the q-axis current step response of Cases 1–3 at
6000, 9000, and 12 000 r/min.

is 0.76 A (25.3%), which is still relatively large. This indicates
that the existing direct cancellation method can only partially
solve the dq-axis coupling problem. In contrast, the id fluctu-
ations of Case 3 are reduced to 0.15 A (5%) at 12 000 r/min,
which is significantly improved compared to Cases 1 and 2,
and is already small enough. These experimental comparisons
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TABLE III
RISE (OR FALL) TIME OF THE q-AXIS CURRENT STEP RESPONSES

Fig. 32. Experimental results of steady-state performance at 12 000 r/min
(1000 Hz): CSI output current io,a, HSPMSM phase current ia, and line
voltage uab.

prove the effectiveness of the proposed LFETF-based dynamic
decoupling method.

C. Dynamic Performance

The step response times of the proposed method are
marked in Fig. 30(g)–(i) and summarized in Table III, which
are in the range of 0.6–0.8 ms (9–12 T) at the speeds of
6000, 9000, and 12 000 r/min. This indicates that the proposed
current control method has a relatively fast dynamic perfor-
mance, and the dynamic performance remains consistent at
different speeds, which confirms the theoretical analysis of
Fig. 21 that the dominant pole remains unchanged when the
fundamental frequency changes.

D. Steady-State Performance

The experimental results of CSI output current io,a, HSPMSM
phase current ia, and line voltage uab after accelerating to
12 000 r/min are shown in Fig. 32. It can be seen that the line
voltage is close to sinusoidal, which is significantly better than
the pulse voltage in the VSI-fed system. Benefiting from the
sinusoidal terminal voltage, the current THD (6.8%) is in a
relatively small range from the perspective of HSPMSM appli-
cations. Increasing the filter capacitance can decrease the natural
resonance frequency fr and improve the high-frequency filtering
ability, thus further reducing the THD. However, it should be
noted that larger capacitance will increase system size and cost
and reduce efficiency.

Also, it is obvious from the waveform of io,a that CSI only
outputs a limited number of pulses in one fundamental period,

Fig. 33. Experimental results under speed step response: HSPMSM speed n
and its reference nref, d-axis current id, and q-axis current iq .

which reflects that the system is in the low-carrier-ratio condi-
tion. It should be noted that the CSI not only outputs the active
current supplied to the motor in the q-axis direction but also
outputs a certain reactive current supplied to the filter capacitor
in the d-axis direction. Therefore, the CSI out current io,a and
motor phase current ia have a certain phase difference.

E. Control Performance Under Speed Step Response

Fig. 33 shows the experimental results of HSPMSM speed n
and its reference nref, d-axis current id, and q-axis current iq un-
der speed step response. The nref steps from 6000 to 9000 r/min
at t = 1 s, and further steps to 12 000 r/min at t = 3 s. The
experimental results indicate that the proposed control method
(including the MSFAD-based resonant controller, the dynamic
decoupling controllerGdd, and the current controllerGpi) works
well under the speed step response.

F. Control Performance Under Parameter Error

Fig. 34 shows the experimental results of q-axis current step
responses under parameter error of (a) L̂ = 0.7Lnorm, (b) Ĉ =
0.7Cnorm, (c) L̂ = 1.3Lnorm, and (d) Ĉ = 1.3Cnorm, in which
Lnorm and Cnorm represent the normal values listed in Table I,
and the estimated parameters L̂ and Ĉ are used to calculate
the control parameters of the proposed method. The HSPMSM
speed is 12000 r/min (1000 Hz). It can be seen from Fig. 34
that the rise (or fall) times are in the range of 0.67–0.87ms (10–
13 T), which is similar to the range of 0.6–0.8 ms (9–12 T)
when parameters are accurate, as shown in Fig. 30(g)–(i). This
indicates that the dynamic response speed is basically unchanged
under the ±30% parameter error, which is consistent with the
analysis in Fig. 22 that the dominant pole remains basically
unchanged under the ±30% parameter error.

On the other hand, it can be seen from Fig. 34(a) (L̂ =
0.7Lnorm) that, during the iq step responses, the fluctuations
of id are 0.3 A (10%) and 0.28 A (9.3%). It can be seen from
Fig. 34(b) (Ĉ = 0.7Cnorm) that the fluctuations of id are 0.25 A
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Fig. 34. Experimental results of q-axis current step responses at 12 000 r/min (1000 Hz) under parameter error. (a) L̂ = 0.7Lnorm. (b) Ĉ = 0.7Cnorm.
(c) L̂ = 1.3Lnorm. (d) Ĉ = 1.3Cnorm.

(8.3%) and 0.26 A (8.7%). The above fluctuations of id are larger
than those when the parameters are accurate, namely 0.15 A
(5%) and 0.11 A (3.7%), as shown in Fig. 30(i). Meanwhile, it
is observed from Fig. 34(a) and (b) that the trend of oscillatory
appears after iq step responses. Thus, there is certain deteriora-
tion in dynamic performance when the estimated parameters are
relatively small.

In addition, Fig. 34(c) (L̂ = 1.3Lnorm) shows that the fluc-
tuations of id are 0.03 A (1%) and 0.06 A (2%). Fig. 34(d)
(Ĉ = 1.3Cnorm) shows that the fluctuations of id are 0.12 A (4%)
and 0.08 A (2.7%). The above fluctuations of id are smaller than
that when the parameters are accurate, as shown in Fig. 30(c).
This indicates that the dynamic decoupling performance remains
good when the estimated parameters are relatively large. To
sum up, the control performance will be affected to a certain
extent under parameter errors. The control system remains stable
under the ±30% error of L̂ and Ĉ, which verifies the parameter
robustness of the proposed current control method.

VII. CONCLUSION

This article proposes a dynamic decoupling AD current con-
trol method for the CSI-fed HSPMSM drive with low carrier
ratios. In the AD inner loop, the discrete-time-model-based MS-
FAD is implemented to realize the desired resonance frequency
and resonance pole modulus. Then, the LFETF-based dynamic
decoupling controller is proposed to solve the serious cross cou-
pling under low carrier ratios. On the above basis, an outer-loop
PI controller is adopted to adjust the magnitude and phase of
the open-loop transfer function. Theoretical analysis shows that
the proposed current control method can achieve the desired
open-loop cutoff frequency with enough PM and GM under the
wide fundamental frequency changes of the HSPMSM, which
ensures the dynamic performance, stability, and robustness of
the system. The effectiveness of the proposed current control
method is verified through experiments on a laboratory-scaled
CSI-fed HSPMSM drive with the fundamental frequency of
1000 Hz and the carrier ratio of 15.
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