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Abstract—For an inductor-capacitor-inductor (LCL) equipped
high-speed permanent magnet synchronous machine (LCL-
HSPMSM), the negative resonance frequency in the synchronous
rotating frame poses a significant yet understudied challenge to
the robustness of the adjustable-speed system. This article pro-
poses a two-degree-of-freedom (2DOF) current control strategy
that enhances the robustness of the system by maximizing its global
stability margin. First, a mathematical model of an LCL-HSPMSM
in the discrete-time domain is established, based on which the
influence of both positive and negative resonance frequencies on
the system stability is analyzed. Subsequently, a phase compensator
and a phase gain are introduced to achieve active damping for
both resonance frequencies. Additionally, a feedforward controller
provides an extra DOF to mitigate the coupling between dq-axes
currents, distinguishing it from the conventional control strategy.
Consequently, a robust system resilient to parameter mismatches
can be achieved. Finally, experimental verification of the robust
control strategy is conducted on a 60kr/min LCL-HSPMSM pro-
totype, where key parameters are varied from 0.3 to 3 times the
nominal values.

Index Terms—Complex vector, discrete time, feedforward,
high-speed permanent magnet synchronous machine (HSPMSM),
inductor-capacitor-inductor (LCL) filter, robustness, synchronous
rotating frame (SRF).

I. INTRODUCTION

H IGH-SPEED surface-mounted permanent magnet syn-
chronous motors (HSPMSMs) are extensively employed

in industrial applications due to their remarkable power density
and efficiency. However, the small motor inductance results in
significant current ripples, leading to additional power losses
and torque ripples. To address this issue, an inductor-capacitor-
inductor (LCL) filter can be implemented between the inverter
and the motor as shown in Fig. 1. Nevertheless, the high-order
nature of the LCL filter significantly increases system complex-
ity, posing challenges for the controller design. In particular, the
resonance peak introduced by the LCL circuit potentially affects
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Fig. 1. System diagram of the LCL-HSPMSM system.

the stability of the current control loop [1], [2]. Moreover, the
system parameters vary widely in different operating conditions,
demanding strong parameters robustness for the controller de-
sign.

Considerable research efforts have been dedicated to the
development of active damping (AD) strategies to effectively
address the resonance issue, which can be concluded as resonant
pole cancelation [3], [4], [5], [6], virtual-resistance [7], [8], [9],
[10], [11], full-state feedback control (FSFC) [12], [13], [14],
[15], [16], and filter-based damping [17], [18], [19], [20], [21].

Resonant pole cancelation methods include the notch filter
[3], weighted average current (WAC) control [4], and capacitor
voltage feedback [5]. A cascade notch filter is a straightforward
method to cancellate the resonance pole by setting the notch
frequency exactly at the resonance frequency. The resonant pole
can also be cancellated by the reasonable configuration of weight
facts of WAC or the capacitor feedback coefficient. However,
these methods require the exact value of resonance frequency,
when parameter mismatch occurs, the damping effects will
deteriorate seriously, indicating weak robustness [6].

The virtual-resistance AD method is popularly used, which is
mainly achieved by the proportional capacitor current feedback
[7], [8]. However, the effectiveness of this method is highly
degraded by the inherent digital computation delay. To address
this issue, some improvements were employed by reducing
computational delay [9] or modifying the feedback strategy
[10], [11]. Nevertheless, the robustness is still limited, and the
requirement for the additional capacitor current measurement
leads to extra costs.

The FSFC method can achieve robustness through arbitrary
pole assignment [12], [13]. However, this approach necessitates
the costly measurement of all states. Introducing a state observer
allows for the implementation of full state feedback with just a
single sensor [14], [15]. Furthermore, a single-sensor damping
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framework is introduced, enabling equivalent arbitrary pole
assignment with a single sensor without the need for an ob-
server [16]. Nevertheless, these methods heavily rely on system
parameters, and parameter mismatch can degrade the system’s
robustness, especially with a state observer.

The filter-based damping methods seem to be a proper way
to achieve high parameters robustness because the controller
design is relatively insensitive to the system parameters. For
the motor side current or grid side current feedback system,
the resonance is damped by introducing an additional phase
lag in the resonance frequency. Various methods are employed
to achieve this goal, including the use of first-order low-pass
filters (LPF),∗ second-order LPF [17], and the introduction of
additional delay [18]. Additionally, the notch filter can also serve
as an LPF due to its phase lag characteristic to the left of the notch
frequency [19].

Overall, the aforementioned methods are primarily estab-
lished in the stationary coordinate for grid-connected applica-
tions. For the LCL-HSPMSM system, the motor current con-
troller is usually designed in the synchronous rotating frame
(SRF) to enhance the current transient performance. In this
configuration, the natural resonance frequency is transformed
into two resonance values, located at fres-fe and fres+fe (where
fres is the natural resonance frequency and fe is the electrical fre-
quency). However, in the existing filter-based damping methods
[20], [21] only the positive resonance frequency is considered,
and the underestimation of the negative resonance frequency
may lead to stability issues.

On the other hand, traditional proportional-integral (PI) con-
trollers and filter-based damping methods are typically classified
as one degree of freedom (1DOF) controllers because they rely
solely on the error between the reference and feedback values.
This single DOF limits the controller’s ability to independently
design and optimize reference tracking performance and dis-
turbance rejection performance. To overcome this limitation,
several 2DOF control strategies have been developed. These
strategies enhance various aspects of control performance. For
instance, strategies such as the one proposed in [22] and [23] to
improve the reference tracking performance under certain condi-
tions such as sensorless control or current harmonic suppression,
while methods like those in [23] focus on minimizing the impact
of external disturbances on the system’s output. Furthermore,
approaches described in [16], [24], and [25] allow for more
flexible placement of system poles and zeros, thereby tailoring
the overall performance of the system. In these 2DOF control
strategies, the second DOF is often implemented through a
feedforward controller, a disturbance observer, or a combination
of both. This additional degree of freedom enables a more
versatile control design that can handle multiple performance
criteria simultaneously.

This article conducts a comprehensive analysis of the in-
fluence of the negative resonance frequency. A global phase
margin is defined to characterize the overall stability considering
the presence of the negative resonance frequency. Accordingly,
several efforts have been made to enhance the global stability
margin.

TABLE I
CRITICAL PARAMETERS OF THE LCL-HSPMSM SYSTEM

First, a phase compensator is designed in the stationary frame
and applied in the SRF, providing consistent phase lag at both
resonance frequencies. Second, a phase gain is introduced to
enhance the global stability margin, considering both resonance
frequencies. Furthermore, a feedforward controller is intro-
duced to address the additional coupling effects caused by the
phase gain, forming a 2DOF control system. Different from the
aforementioned 2DOF control strategies, the proposed 2DOF
strategy utilizes the additional degree of freedom (feedforward
controller) specifically to address the coupling effects in the
dynamic response in the dq-axis caused by the phase gain.

As the main contribution, the potential stability issue associ-
ated with the dual resonance issue in the filter-based damping
method is highlighted, especially in high-speed conditions. To
tackle this challenge, a novel AD strategy is introduced, aimed
at maximizing the global phase margin while taking into ac-
count the dual resonance problem. Consequently, this approach
significantly enhances the overall robustness of the system.

Finally, the effectiveness of the proposed control strategy is
validated by driving the test HSPMSM up to 60 kr/min (1000 Hz)
with a sampling frequency of 15 kHz. Robustness is validated
in the experiment with all system parameters varying from 0.3
to 3 times their nominal values. A comprehensive comparison
with recently proposed damping methods is performed, further
indicating the high robustness of the proposed method.

II. STABILITY ANALYSIS BASED ON DISCRETE-TIME MODEL

This section presents the discrete-time domain model of the
LCL-HSPMSM system. The diagram of the system is depicted
in Fig. 1, comprising a three-phase inverter, an LCL filter, and
an HSPMSM. The inverter side inductor is defined as L1. The
filtering capacitor is defined as C. And the motor side inductor
is defined as L2, which consists of the filter inductor L2o and the
motor inductor Ls. R is the winding resistance. All parameters
are outlined in Table I, and these parameters are utilized in the
analysis presented in this article as well as in the experiments in
Section VI. Finally, Section VII concludes this article.
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A. Discrete Model

The continuous-time transfer function from the inverter volt-
age to the motor current in the stationary frame can be derived
as

Gps(s)=
i2(s)

u1(s)
=

1

R+(L1+L2)s+L1CRs2+L1L2Cs3
.

(1)
Since the motor resistance is included, the explicit symbolic

expression of this discrete-time model is difficult to obtain.
Numerical results can be computed based on specific parameters
for robust analysis. However, for the controller design, the model
should be simplified. Typically, the winding resistance is disre-
garded due to its minor impact on the system’s characteristics at
high frequencies [19], [27]. The simplified model is given as

Gps(s) ≈ G∗
psl(s) +Gpsh(s)

G∗
psl(s) =

1

(L1 + L2)s
, Gpsh(s) = − 1

L1 + L2

s

s2 + ω2
res

(2)

where G∗
psl(s) and Gpsh(s) are the low-frequency and

high-frequency components of the transfer function, and
ωres = 2π fres =

√
(L1+L2)/(L1L2C) is the natural reso-

nance frequency.
In the controller design, the current control bandwidth typi-

cally aligns with the low-frequency band (LFB). Thus, a more
accurate model in the LFB is imperative to improve the accuracy
of the zero-pole cancellation in the discrete-time PI controller
design, which enhances the dynamic performance of the con-
trol system, especially the dynamic decoupling capability of
the response in the dq-axes. Accordingly, the effects of the
motor resistance in the LFB are reconsidered. The modified
low-frequency transfer function is given as

Gpsl(s) =
1

R+ (L1 + L2)s
. (3)

By discretizing the separated model with the zero-order hold
method, an accurate model with delay can be obtained by

Gps(z) = z−1(Gpsl(z) +Gpsh(z)) (4)

where

Gpsl(z) =
1− e−

R
L1+L2

Ts

R

1

z − e−
R

L1+L2
T

Gpsh(z) = − (z − 1) sin(ωresT )

ωres(L1 + L2) (z2 − 2z cos(ωresT ) + 1)
. (5)

Further, the transfer function Gp(z) in the SRF can be devel-
oped by applying the frequency shift z → zejωeT , which leads
to

Gp(z) = z−1e−jωeT (Gpl(z) +Gph(z)) (6)

where

Gpl(z)=
1− e−

R
L1+L2

Ts

R

1

zejωeT − e−
R

L1+L2
T

Fig. 2. Bode diagrams of Gpsl (z) and Gpsh (z) in the stationary frame (fe =
1000 Hz).

Gph(z)=− (zejωeT −1) sin(ωresT )

ωres(L1+L2) (z2e2jωeT−2zejωeT cos(ωresT )+1)
.

(7)

Significantly, the amplitudes of the two transfer functions
in their respective frequency bands far surpass each other. As
depicted in Fig. 2, within the LFB, the plant model can be effec-
tively simplified as Gpl(z), while within the high-frequency band
(HFB), the plant model can be similarly simplified as Gph(z).
Consequently, these bands can be addressed separately during
the controller design process. Additionally, for HSPMSMs, de-
spite the relatively higher electrical frequency fe, it can still be
regarded within the LFB with respect to the resonance frequency.

B. Discrete PI Controller

As mentioned earlier, the plant model Gp can be simplified
as Gpl in the LFB. Considering further that the current control
bandwidth is significantly lower than the resonance frequency
and the electrical frequency is high for the HSPMSM, a PI
controller directly designed in the discrete-time domain based
on the internal model decoupling theory is employed to enhance
the current control performance in high-speed conditions [28].
The controller is expressed as

Gc(z) = (Gpl(z)z
−1e−jωeT )

−1 K

z(z − 1)

= λ
zejωeT − δ

z − 1
KejωeT (8)

where

δ = e−
R

L1+L2
T , λ =

R

1− e−
R

L1+L2
Ts

(9)

and K is the gain of the controller.

C. Stabilities in Positive and Negative Frequency Domains

The stability of the LCL system is typically evaluated by
the Nyquist stability criterion based on the Bode diagram or
Nyquist plot. According to this theory, the system is stable
when the number of the open-loop unstable poles P is equal to
2(N+-N-), where N+ represents the number of counterclockwise
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Fig. 3. Bode diagram of Gc(z)Gp(z) in both positive and negative frequency
domains with speed variation. The length of the red lines represents the values
of different phase margins (fn = 1000 Hz, K = 0.1. The winding resistance is
ignored in the HFB).

encirclements of the point (-1, j0) in the complex plane as the
frequency ranges from -fs/2 to fs/2, and N- represents the number
of clockwise encirclements [18]. For the motor current feedback
system, it can be seen from (1) that P= 0. Thus, to ensure system
stability, it is required that N+ - N-=0, which means there should
be no phase crossing of (2k+1)π in the frequency regions where
the magnitudes are above 0 dB.

In the stationary frame, the magnitude response is symmetric
in both positive and negative frequency domains. Therefore, it
is sufficient to analyze resonance stability by focusing solely
on the positive frequency domain. However, in the SRF, the
transfer function in (7) contains complex coefficients that disrupt
the symmetry in the frequency domain. This issue becomes
particularly significant under high-speed conditions due to the
larger resonance frequency shift as illustrated in Fig. 3, which
shows the bode diagram of Gc(z)Gp(z). As fe increases, the bode
plots shift to the left and lose their symmetry. Therefore, in the
SRF, there are two different resonant frequencies: fres+ = fres -
fe and fres- = fres + fe.

As mentioned earlier, the system is stable when the phase
response avoids crossing the (2k-1)π phase line in the frequency
regions where the magnitudes are above 0 dB. In summary, the
stability issue should encompass three frequency regions: two
resonance frequencies and their vicinities, along with a low-
frequency region spanning from -fc to +fc, where fc represents
the 0dB crossing frequency in the LFB. It is worth noting that
the resonance frequency regions are relatively small, especially
when considering the influence of winding resistance. Therefore,
for the sake of simplicity, stability analysis in the HFB primarily
focuses on the resonance frequencies.

In the aforementioned three regions, any crossing of the
(2k-1)π phase line signifies instability in the system. Thus, to
quantify the global system stability margin, four types of phase
margins (PMs) are first introduced.

1) PM0+: PM at positive 0 dB crossing frequency fc.
2) PM0−: PM at negative 0 dB crossing frequency -fc.
3) PMres+: PM at positive resonance frequency fres+.

4) PMres−: PM at negative resonance frequency fres−.
Additionally, the PMs in the LFB and HFB can be respectively

defined as

PM0 = min{PM0−,PM0+}
PMres = min{PMres−,PMres+}. (10)

All of the above PMs are illustrated in Fig. 3 for reference.
Based on the setup in Table I, the values of these four PMs are
given as

PM0− = 81.4◦,PM0+ = 81◦

PMres+ =

{
45◦, fe = 0 Hz

9◦, fe = 1000 Hz

PMres− =

{
45◦, fe = 0 Hz

80◦, fe = 1000 Hz
. (11)

Among these four PM values, a low value would lead to a
decrease in the system’s stability margin, resulting in a deterio-
ration of stability and control performance. Especially, if any of
them is equal to 0, the system will be unstable. Thus, the global
phase margin is defined as

PMmin = min {PM0−,PM0+,PM−,PM+} . (12)

PMmin is a more concise metric to represent the global
stability margin of the system, and the method to achieve the
maximum PMmin will be analyzed in detail in this article.

Furthermore, it is evident from Fig. 3 that as the electrical fre-
quency fe increases, PMres+ decreases, while PMres− increases;
PM0+ and PM0- remain consistent. Consequently, PMmin de-
creases due to the low PMres+, necessitating the implementation
of AD.

D. Limitations of Existing Damping Methods

Given that the PMmin is primarily determined by PMres+,
various filter-based damping methods have been proposed to
reduce the phase at fres+ [18], [19], [20]. However, these meth-
ods could simultaneously affect the phase at fres−, potentially
leading to stability problems, particularly under high electrical
frequency conditions.

Fig. 4 illustrates the phase plots of the existing damping
methods and their damping effects, including a notch filter [19],
[20], and an additional delay [18]. The notch frequency of the
notch filter is designed as ωn = 1.3ωres to provide phase lag in
fres+. The additional delay is applied in the stationary frame,
where its equivalent transfer function in the SRF is z−1e−jωeT .

First, regarding damping methods with an additional delay,
it will introduce a 90° phase lag in fres+, effectively damping
the resonance. However, simultaneously, the additional delay
introduces a significant phase lead of 90° at fres− within the
negative frequency domain. In that case, the phase at fres−
closely approaches the (2k-1)π line (540°) resulting in a PMmin

as low as 9°, indicating a weak stability.
Similarly, the notch filter could add an extra phase lag of

28° at the positive resonance frequency fres+ to perform AD.
However, a substantial phase lag of 75° is also introduced by the
notch filter, leading to a PMmin as low as 5°.
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Fig. 4. Phase-frequency response of existing damping methods with fe =
1000 Hz.

In conclusion, both damping methods exhibit very small
PMmin values, indicating weak system robustness. An effective
way is required to achieve AD for both resonance frequencies.

III. ACTIVE DAMPING FOR DUAL RESONANCE ISSUES

In this section, an AD control strategy is presented to address
the dual resonance issue discussed earlier, including three parts.

1) A phase compensator designed in the stationary frame and
applied in the SRF.

2) A phase gain to provide a global stability margin.
3) A feedforward controller to decouple the coupling issues

caused by the phase gain, serving as the second DOF.
The primary objective of this damping strategy is to ensure an

adequate global stability margin within the closed-loop system
while effectively achieving decoupling through the inversion of
the closed-loop transfer function in the feedforward decoupling
controller. The overall control strategy is depicted in Fig. 5.

A. Phase Compensator

The phase compensator is designed to ensure consistent phase
lag at both resonance frequencies, necessitating its design in
the stationary frame. It is derived from a first-order LPF using
the pretwisted bilinear transformation method for discretization,
known for its ability to preserve unchanged phase characteristics
at resonance frequencies [29], given as

Gpcs(z) =
ωlpf

s+ ωlpf

(
s =

ωres

tan(ωresT
2 )

z − 1

z + 1

)

=
z + 1

(1 + α)z + 1− α

(
α =

ωres

ωlpf tan
(
ωresT
2

)
) )

.

(13)

The equivalent transfer function in the SRF is derived by
applying the frequency shift z → zejωeT , given as

Gpc (z) = Gpcs

(
zejωeT

)
=

zejωeT + 1

(1 + α)zejωeT + 1− α
. (14)

The effects of the phase compensator are illustrated in Fig. 6.
The phase response decreases at fres+ and increases at fres−. Un-
like the filters designed in the SRF (analyzed in Section II-D), the
phase compensator can deliver consistent phase changes at both
resonance frequencies. Consequently, it effectively addresses
potential stability issues at the negative resonance frequency.
Consequently, when PMres+ increases, PMres− decreases, with
little change observed in PM0. This leads to an overall enhance-
ment of the global phase margin.

On the basis of the phase compensator, the global phase
margin of the system can be further enhanced by introducing
a series phase gain, which is given as

Gpg(z) = ejϕ (15)

where ϕ is the global phase shift angle.
With the phase gain, the entire phase curve can be shifted up

or down by the value ofϕ. For example, as shown in Fig. 7, when
ϕ is negative, the phase-frequency curve shifts downward as a
whole. It can be found that as the phase gain decreases, PMres

increases, while PM0 decreases.

B. Phase Gain

As PMmin is determined by the minimum phase margin
among all components, by reasonably setting the phase gain,
it is possible to ensure that PM0 and PMres remain identical,
thereby maximizing the global system margin.

C. Feedforward Decoupling Controller

In the above design, the additional phase compensator and
phase gain are all complex vector controllers, which will cause
additional coupling issues [30]. Therefore, a feedforward de-
coupling controller is proposed to achieve dynamic decoupling
by inverting the closed-loop transfer function of the system. The
specific expression is as follows:

Gff (z) = G−1
close(z)

Kf

z2 − z +Kf

=
1 +Gpg(z)Ginv(z)Gpc(z)Gp(z)

Gpg(z)Ginv(z)Gpc(z)Gp(z)

Kf

z2 − z +Kf

=
Kf

K
e−jϕ((1 + α) + ((1− α)e−jωeT − (1 + α))z−1

+ ((α− 1)e−jωeT +Kejϕ)z−2 +Kejϕ−jωeT z−3)/

(1 + (e−jωeT − 1)z−1 + (Kf − e−jωeT )z−2

+Kfe
−jωeT z−3) (16)

where Kf represents the feedforward gain of the system.

IV. PARAMETER DETERMINATION PROCEDURE

This section describes the parameter design procedure for the
proposed control strategy, aiming at maximizing the stability
margin while ensuring dynamic performance.
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Fig. 5. Block diagram of the proposed 2DOF current control strategy.

Fig. 6. Frequency response variation with phase compensator (fe = 1000 Hz,
K = 0.05, α = 2).

Fig. 7. Frequency response variation of the open-loop transfer function
Gpg(z)Gpc(z)Gc(z)Gp(z) with phase compensator (fe = 1000 Hz, K = 0.05,
and α = 2).

A. Phase Compensator

The phase compensator is designed to induce a phase lag at
the resonance frequency within the range of −180° to −540°.
In the following, the phase of Gps(z) at the resonance frequency
is first calculated. Accordingly, the coefficient α of the phase
compensator is further determined.

As aforementioned, at the resonance frequency, the amplitude
of the low-frequency transfer function is negligible. Thus, the
phase at the resonance frequency can be directly obtained based

on the high-frequency transfer function, which is given as

∠Gps(e
jωresT )(ω → ωres−)

= arctan 2(sin(ωresT ), cos(ωresT )− 1)− 2ωresT − π

∠Gps(e
jωresT )(ω → ωres−)

= arctan 2(sin(ωresT ), cos(ωresT )− 1)− 2ωresT − 2π.
(17)

The design objective of the phase compensator is to control
the phase shift to be from -1.5π to -2.5π. Thus, the phase lag to
be compensated is calculated as

ϕpc = ∠Gpc(z)(z = ejωresT )

= − arctan 2(sin(ωresT ), cos(ωresT )− 1) + 2ωresT − π

2
.

(18)

Next, based on the required phase shift, the bandwidth of the
first-order low-pass filter is calculated as

ωlpf = ωres/ tan(ϕpc). (19)

The corresponding coefficient can be calculated as

α =
ωres

ωlpf tan(
ωresT
2 )

=
tan(ϕpc)

tan(ωresT
2 )

. (20)

B. Feedforward Gain and Closed-Loop Gain

The gain of the system determines its bandwidth and fur-
ther affects system stability, dynamic performance, and anti-
disturbance performance. This section will discuss the selection
of the closed-loop gain K and the feed-forward gain Kf from
these considerations.

Ignoring the influence of phase compensator and high-
frequency resonance, the closed-loop transfer function and
follow-up response transfer function of the system can be ex-
pressed as

Gclose(z) =
i(z)

i∗ff (z)
=

K

z2 − z +K
(21)

Gref(z) =
i(z)

i∗(z)
=

Kf

z2 − z +Kf
. (22)

Equation (22) indicates that the following response of the
system is only related to the feedforward gain Kf. By increasing
Kf, the dynamic response of the system can be effectively im-
proved. However, an excessively large feedforward gain makes
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the system more susceptible to the influence of voltage satura-
tion, leading to issues, such as overshooting and coupling.

On the other hand, the closed-loop gain K determines the
bandwidth of the closed-loop system and further affects PM0. A
larger K results in a lower PM0. It also increases the amplitude at
the resonance frequency, expanding the frequency range above
the 0dB line and reducing the stability margin.

As a reference, ignoring the phase compensator, the 0dB
crossing frequency can be approximately simplified as

ωb−close ≈ K

T
. (23)

In summary, considering the system stability and dynamic
performance, the recommended values for the feedforward gain
and feedback gain are

K = 0.05,Kf = 0.1. (24)

In practical applications, corresponding adjustments can be
made according to requirements.

C. Phase Gain

In this section, numerical calculation of four phase margins
will be performed, including PM0+, PM0−, PMres+, PMres−.
The effects of the phase gain to maximize the global system
margin will be explained in detail.

1) Phase Margins in the LFB: In the LFB, the open-loop
transfer function can be simplified as

Gl(z) = Gc(z)Gp(z)Gpc(z)

≈ Gc(z)z
−1e−jωeTGpl(z)Gpc(z)

=
K

z2 − z
Gpc(z) (25)

where

∠ K

z2 − z

(
z = ejωT

)
= −π

2
− 3

2
ωT. (26)

The phase of the phase compensator can be approximately
linearized as

∠Gpc(z)(z = ejωT ) ≈ − (ω + ωe)
ϕpc

ωres
. (27)

Accordingly, PM0 can be calculated as

PM0+ =
π

2
− 3

2
ωbT − ωb

ωres
ϕpc − ωe

ωres
ϕpc + ϕ (28)

PM0− =
π

2
− 3

2
ωbT − ωb

ωres
ϕpc +

ωe

ωres
ϕpc − ϕ. (29)

Based on (28) and (29), the phase margin in the LFB is
calculated as

PM0 = min{PM0+, PM0−}

=
π

2
− 3

2
ωbT − ωb

ωres
ϕpc − |ϕ− ωe

ωres
ϕpc|. (30)

2) Phase Margins in the HFB: In the HFB, the open-loop
transfer function can be simplified as

Gh(z) ≈ Gc(z)Gpc(z)z
−1e−jωeTGph(z). (31)

As aforementioned about the phase compensator, the phase
of the plant model series with phase compensator is

∠Gp(z)Gpc(z)
(
z = ejωres−T

)
= −3

2
π

∠Gp(z)Gpc(z)
(
z = ejωres+T

)
= −5

2
π. (32)

Considering that δ is generally close to 1. The PI controller
can be simplified as

Gc(z) ≈ λK
ej(ω+ωe)T − 1

ejωT − 1
KejωeT . (33)

The phase of the controller at the resonance frequencies can
be calculated as

Gc(z)
(
z=ejωresT

) ≈ 3

2
ωeT,Gc(z)

(
z=e−jωresT

) ≈ −3

2
ωeT.

(34)
Thus, the phase margin in the HFB is introduced as

PMres = PMres+ = PMres− =
π

2
− 3

2
ωeT − ϕ. (35)

The total phase margin of the resonance frequency is

PMres = min{PMres+,PMres−} =
π

2
− 3

2
ωeT − ϕ. (36)

3) Determination of the Phase Gain: Based on the previous
calculations in (30) and (36), the effect of the phase gain can be
concluded as

ϕ <
ϕpc

ωres
ωe, ϕ ↑,PM0 ↑,PMres ↓

ϕ >
ϕpc

ωres
ωe, ϕ ↑, PM0 ↓,PMres ↓ . (37)

The PM in both frequency bands can be expressed as

PM0 = PM0+ =
π

2
− 3

2
ωbT − ωb

ωres
ϕpc − ωe

ωres
ϕpc + ϕ

PMres =
π

2
− 3

2
ωeT − ϕ

(
ϕ ≤ ωe

ωres
ϕpc

)
. (38)

To achieve the maximum global phase margin PMmin =
min{PM0, PMres}, the phase gain is selected as

ϕ =

{ ωe

ωres
ϕpc, ωe < ωb

− 3
4ωeT + 3

4ωbT + ωb

2ωres
ϕpc +

ωe

2ωres
ϕpc, ωe > ωb

.

(39)
Accordingly, the global phase margin is calculated as

PMmin =

{π
2 − 3

2ωbT − ωb

ωres
ϕpc, ωe < ωb

π
2 − (ωe + ωb)(

3
4T +

ϕpc

ωres
), ωe > ωb

. (40)

In conclusion, the global phase margin is determined by the
electrical frequency and the closed-loop bandwidth. In the low-
speed range (ωe<ωb), PMres is larger than PM0, and the global
phase margin depends on PM0. As the speed increases, PMres

gradually decreases. When ωe>ωb, PMres is smaller than PM0.
By incorporating the phase gain, the balance of PMres and PM0

can be achieved.
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Fig. 8. Bode plots of the designed system (fe = 1 kHz and fs = 15 kHz).

Fig. 9. Pole maps of the closed-loop system with the plant parameters L1, L2,
C, and R varying from 30% to 300% with fe to be 1000 Hz. (a) 0.3L1 to 3L1.
(b) 0.3L2 to 3L2. (c) 0.3C to 3C. (d) 0.3R to 3R.

D. Design Results

To further validate the theoretical analysis of parameter se-
lection, a Bode diagram of the designed open-loop system was
drawn in Fig. 8. The graph demonstrates that the algorithm
proposed in this article can maintain all phase margins of the
system above 65° with the gain margin to be 14.5 dB at 1000 Hz
electrical frequency and 200 Hz 0 dB crossover frequency.
These results align with the previous analysis and indicate the
robustness of the proposed control strategy.

V. ROBUSTNESS ANALYSIS

A. Parameter Sensitivity of the Closed-Loop Stability

The pole maps of the closed-loop system with the plant
parameters L1, L2, C, and R varying from 0.3 to 3 times their
calibrated values are depicted in Fig. 9, with fe at 1000 Hz.

It can be observed that all the closed-loop poles remain within
the unit circle, signifying system stability even amidst significant

Fig. 10. Root locus with K varying from 0.05 to 0.45.

Fig. 11. Schematic diagram of experimental setup.

variations in parameters. Notably, the trends in parameter vari-
ations appear similar for L1, L2, and C, whereas the system’s
stability is notably more sensitive to variations in L2 and C.
Conversely, as R increases, the poles gradually converge towards
the center of the unit circle, owing to the damping effect that R
imparts to the resonance.

B. Root Locus

The pole maps of the closed-loop transfer function with the
closed-loop gain K varying from 0.05 to 0.45 are depicted in
Fig. 10. As K increases, poles p1 and p4 gradually converge
towards the center of the unit circle, while poles p2 and p3
gradually move from the center to the outside of the circle. All
poles strictly remain within the unit circle. The system’s stability
is primarily determined by p5, which moves towards the center
and then progressively shifts outward as K exceeds 0.2. The
pole reaches outside the unit circle when K = 0.45, indicating a
critical value of K at 0.4.

VI. EXPERIMENT VALIDATION

To validate the effectiveness of the proposed method, an
experimental setup was constructed as shown in Fig. 11. An
HSPMSM designed for vacuum cleaners is utilized as the test
motor, with its load being directly proportional to the square
of the rotational speed. Two three-phase inductors are con-
nected to the ac sampling board in series with the capacitors
at the base of the sampling board, forming the LCL filter.
The control algorithm is executed on a control board based
on Texas Instruments high-performance micro-controller unit
(MCU) (TMS320F28379D).

In addition, the position of the HSPMSM is acquired using a
sensorless method. A Luenberger-style back electromotive force
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Fig. 12. Current control performance. (K = 0.05 and Kf = 0.1).

observer based on a discrete-time first-order equivalent model
is employed to enhance the accuracy of the position estimation,
utilizing the capacitor voltage and motor current.

In this section, the dynamic performance, steady-state perfor-
mance, decoupling performance, and parameter robustness of
the system are verified in this section. The parameters of the
experimental plant are given in Table I.

Fig. 12 showcases the current control performance with the
proposed control strategy. Initially, the q-axis inverter current
reference i∗2q steps from 5 to 15 A at 26 kr/min (zoom 1). The
q-axis inverter current i2q effectively tracks i∗2q with a rise time
of 1.4 ms without overshoot and coupling, resulting in a change
in the tested motor speed from 26 to 50 kr/min (433 to 833 Hz).
In the high-speed region, the current i2q steps from 15 to 20 A
at 50 kr/min (zoom 2), with a rise time of 1.2 ms. The speed
changes from 50 to 60 kr/min then. Notably, no resonance occurs
throughout the process.

A. Current Control Performance

Regarding current harmonics, at the low-speed region
(26 kr/min), significant harmonics are present due to the dead
time effect. However, as the speed rises to 50 kr/min, the har-
monics, particularly the fifth and seventh harmonics caused by
the dead time effect, are filtered by the LCL filter, resulting in a
total harmonic distortion of less than 3%.

B. Speed Control Performance

To evaluate the speed control performance, Fig. 13 illustrates
the response with a slope speed reference. The speed reference
transitions from 10 to 60 kr/min within 1s. The results demon-
strate that the speed effectively tracks the reference without
oscillations or overshoots, even when employing the sensorless
method. Furthermore, no resonance is detected across the entire
speed range, demonstrating the effectiveness of the proposed
damping method.

C. Robustness Validation

To validate the robustness of the proposed current control
strategy, this section conducts a comprehensive investigation

Fig. 13. Speed control performance with slope reference (K = 0.05 and
Kf = 0.1).

into a wide range of control parameter mismatches. The con-
trol parameters are primarily determined by three coefficients
corresponding to the plant parameters, denoted as

δ = e−
R

L1+L2
T , λ ≈ Ts

L1 + L2
, ωres =

√
L1 + L2

L1L2C
. (41)

Accordingly, three sets of experiments are conducted with
varying parameter mismatches in the digital controller. The
mismatched parameters including R̂, L̂sum = L̂1 + L̂2, Ĉ.

In general, the system is stable under all test conditions. The
steady-state performances of all test conditions are nearly con-
sistent, while differences are observed in the dynamic response
due to parameter variations.

The first set of experiments, illustrated in Fig. 14, evaluates
robustness with coefficient δ variation, with R̂ ranging from 0.3
to 3 times its real value. The variation of δ directly impacts the
accuracy of zero pole cancellation in the discrete-time PI con-
troller, potentially affecting the decoupling performance of the
controller. The dynamic performance is marginally influenced
by variations in δ. When the control parameter R̂ is smaller than
its actual value, the dynamic performance appears unaffected.
However, as R̂ exceeds the actual value, the coupling is detected
in the dynamic response of the d-axis current, indicating the
sensitivity of the system to higher values of R̂.

In Fig. 15, robustness with variations in all three parameters
was evaluated, with inductors L1 and L2 simultaneously ranging
from 0.3 to 3 times their actual values. As demonstrated in the
previous results, the variations of δ and ωres have a negligible
influence on control performance. However, the variation in λ

may yield different outcomes. Since λ is directly in series with
the closed-loop gain K, it will further impact the decoupling
capability of the feedforward controller. The experimental re-
sults are consistent with the analysis. In Fig. 15, when L1 and
L2 are smaller than their actual values, the dynamic response
significantly deteriorates, and substantial coupling occurs, pri-
marily resulting from low equivalent closed-loop gain and the
mismatch of δ. Conversely, when L1 and L2 exceed their actual
values, the dynamic response markedly accelerates, achieving a
rise time as low as 0.8 ms at a 3-times parameter variation.

Finally, in Fig. 16, the robustness with coefficient ωres vari-
ation was assessed, with the filter capacitor C ranging from
0.3 to 3 times its actual value. In the controller design, the
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Fig. 14. Current control performance with R mismatches (K = 0.05, Kf = 0.1). (a) R̂ = 0.3R. (b) R̂ = 3R.

Fig. 15. Current control performance with L mismatches (K = 0.05, Kf = 0.1). (a) L̂sum = 0.3Lsum. (b) L̂sum =3Lsum.

Fig. 16. Current control performance with C mismatches (K = 0.05, Kf = 0.1). (a) Ĉ = 0.3C. (b) Ĉ =3C.

resonance frequency ωres primarily determines the phase lag
value of the phase compensator. Therefore, the dynamic and
steady performance is minimally affected by the mismatch of
ωres, as long as the system remains stable. This inference is
validated by the experimental results.

In conclusion, the proposed methods exhibit robustness across
a broad range, with all parameters varying from 0.3 to 3 times
their actual values. The control performance of the proposed
methods demonstrates insensitivity to variations in winding

resistance R and the filter capacitor C, while showing relatively
greater sensitivity to variations in the sum of L1 and L2 due to
changes in the equivalent closed-loop gain.

D. Comparison With Existing Active Damping Methods

To demonstrate the superior robustness of the proposed
method, a comparison with recently proposed AD approaches
for LCL-HSPMSM systems, aimed at enhancing robustness, is
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TABLE II
COMPARISON WITH RECENTLY PROPOSED APPROACHES FOR LCL-HSPMSM SYSTEMS

Fig. 17. Comparison with method in [20] of Current control performance with a speed slope reference under parameter mismatches. (a) Dynamic-decoupled
current controller in [20] with parameter mismatches L̂sum= 1.7Lsum. (b) Proposed method with parameter mismatches L̂sum= 1.7 Lsum.

given in Table II. The proposed method exhibits significantly
stronger robustness against parameter mismatch with no obvious
overshooting observed in the experimental results. Moreover,
compared with other methods, the dynamic response of the
proposed method is further improved by the relatively high gain
of the feedforward controller.

Furthermore, to illustrate the resonance issues at the negative
resonance frequency, the current control performance of the
method in [20] with parameters mismatches L̂sum= 1.7Lsum is
presented in Fig. 17. It can be observed that the current waveform
using the method in [20] begins to oscillate when the electrical
frequency exceeds 530 Hz and stabilizes at 690 Hz, while the
proposed method remains stable in the whole speed region.
This observation can be traced to the Bode diagram in Fig. 18,
which showcases the frequency response of the whole open-loop
transfer function Gopen(z) of [20] and the notch filter Gnotch(z).
In [20], a notch filter is used to provide a phase lag at fres+,
while the phase characteristics in fres− is neglected. Typically,
the notch frequency is set as fnotch = 1.4 f̂res = 4026 Hz, while
the true value of the resonance frequency is fres = 3736 Hz.
As the result, when the electrical frequency fe rises to around
600 Hz, the negative resonance frequency fres− rises to 4336 Hz
and surpasses the notch frequency, leading to a sharp phase lag
in fres−, causing system instability. Further, when fe surpasses
700 Hz, the phase lag in fres− caused by the notch filter gradually
decreases, and the system regains stability.

Fig. 18. Bode diagram of the method in [20] with L̂sum= 1.7Lsum and fe =
600 Hz.

VII. CONCLUSION

This article identifies the influence of the potential negative
resonance frequency of the LCL-HSPMSM system within the
SRF, which has been commonly overlooked in previous studies.
Based on this analysis, a robust 2DOF current control strategy
has been proposed. As the main contribution, the resonance
issue at both resonance frequencies is effectively damped by
the proposed phase compensator and phase gain. The additional
coupling caused by the damping methods is addressed by a
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feedforward controller. Theoretical analysis and experimental
verification have demonstrated that the proposed control strat-
egy exhibits strong robustness against parameter mismatches
while achieving satisfactory dynamic performance. The system
remains stable even with parameter variations ranging from 0.3
to 3 times the nominal values.
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