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Discrete-Time Dynamic-Decoupled Current
Control for LCL-Equipped High-Speed

Permanent Magnet Synchronous Machines
Yu Yao , Student Member, IEEE, Yunkai Huang , Fei Peng , Member, IEEE,
Jianning Dong , Member, IEEE, and Zichong Zhu , Student Member, IEEE

Abstract—This article proposes a discrete-time dynamic-
decoupled current controller for an LCL-equipped high-
speed permanent magnet synchronous machine with only
the motor currents measured. The controller is designed in
the synchronous coordinate based on a complex z-domain
transfer function. The main contribution of the proposed
current controller is the robust dynamic decoupling per-
formance to achieve better transient behavior. Moreover,
an effective coefficient selection method is developed to
acquire sufficient phase margin and gain margin, even with
the system parameters varying ±50%. Additionally, the sta-
ble region of the LCL resonance with the proposed method
is discussed. Finally, the effectiveness of the proposed
method is verified by driving the tested motor to 100 kr/min.

Index Terms—Coefficient selection, current control,
high-speed surface-mounted permanent magnet syn-
chronous machine (HSPMSM), LCL filter, robust dynamic
decoupling, stable region.

I. INTRODUCTION

H IGH-SPEED surface-mounted permanent magnet syn-
chronous machines (HSPMSMs) are widely used in the

industrial applications, including turbine air blowers, turbine
compressors, microturbine generators, and pumps because of its
high power density, high efficiency, and free-gearbox operation
[1]. However, since the small stator inductance and the limited
switching frequency of the inverter, the high current ripple
occurs in the winding current, which brings additional losses
on both the stator and the rotor. Inevitably, the system efficiency
is reduced. To filter the output current, an output LCL filter is
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often adopted [2]. However, the resonance caused by the LCL
circuit is introduced in the current control loop and it results in
the instability of the closed-loop system.

Significant research efforts have been established to develop
active damping (AD) strategies to effectively deal with this
resonance problem, which can be classified into following cat-
egories [3], [4]: inherent damping (ID) [5]– [7], filter-based
method [8]–[10], virtual-resistance method [11]–[16], full-state
feedback control (FSFC) method [17]–[20], and other methods
[15], [21]–[23]. In the full-digital control system, the digital-
time computation delay and the pulsewidth modulation delay
introduce the ID into the current control loop and it will stabilize
the single-loop system [7]. The selection of the feedback loop
relies on the location of the resonance frequency[5]. But when
the resonance frequency crosses through the critical frequency
(i.e., one-sixth of the sampling frequency) resulting from the
parameter variation, the ID cannot work under this case. In
the unstable region of ID, the extra AD methods are necessary.
Filter-based methods aim at providing a phase-lead or phase-lag
effect by introducing a filter network [8]. High-pass filter [10]
and the notch filter [9] are popularly used. No additional sen-
sors are used. The virtual-resistance methods are derived from
the passive damping (PD), but the real damping resistance in
the PD is replaced by the virtual resistance, which is induced
by the extra feedback loop. The capacitor current feedback is
adopted in [11]. And in [13], the filtered capacitor voltage is
feedforward into the current control loop. Clearly, the additional
sensors are necessary compared with the ID and the filter-based
methods. The FSFC methods [17]–[19], [24] can achieve AD
and bandwidth arrangement easily with arbitrary pole place-
ment, but it needs all the states are measured and, thus, increases
system cost and complexity.

For the LCL-equipped HSPMSM drive, the fundamental fre-
quency is fast changed during the speed-dynamic process. In
that case, the transient performance of the current control is
difficult to be guaranteed if a stationary controller (e.g., pro-
portional resonance controller) is implemented. Therefore, the
current controller established in dq synchronous coordinate is
preferred for the HSPMSM drives. For the dq controller, one
problem is eliminating the coupling between thedq coordinate to
improve the transient behavior. The robust dynamic-decoupled
current control methods are proposed in [25]–[28], but their
experimental plant is L-type converter or machines, which are
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Fig. 1. System diagram of the HSPMSM drives equipped with LCL
filter.

not suitable for the LCL-type applications. Wang et al.[29] pro-
pose a current decoupling method based on active disturbance
rejection method for LCL-type STATCOM, but no experimental
validations. In [30], the internal model-based current controller
is implemented to achieve resonance damping and the dynamic
decoupling. But when the mismatched parameters are adopted,
it is difficult to ensure the decoupling capability on the premise
of the required control bandwidth. Additionally, it should be
noted that both methods are designed for the grid-connected
converter and developed in the continuous-time domain. For
the HSPMSM drive, there are the following two challenges:
1) The high fundamental frequency enhances the coupling be-
tween the dq coordinate. 2) The current controller should be
developed in the discrete-time domain to achieve better over-
all stability under the low ratio of sampling-to-fundamental
frequency.

To solve the aforementioned problems, this article proposes
a novel discrete-time dynamic-decoupled current controller for
LCL-equipped HSPMSM drives. The controller is designed in
the dq synchronous coordinate. Compared with conventional
methods, the proposed current control method has the following
advantages.

1) Robust dynamic decoupling capability to achieve better
transient performance.

2) Robust coefficient selection method to achieve sufficient
phase margin (PM) and gain margin (GM), even with the
system parameters varying ±50%.

Finally, the effectiveness of the proposed method is verified
by driving the tested HSPMSM up to 100 kr/min (1667 Hz).

II. SYSTEM DESCRIPTION AND DISCRETE-TIME MODEL

Fig. 1 shows the diagram of the HSPMSM drives equipped
with LCL filter. The motor current and the dc voltage are
measured. For the high-speed applications, the rotor position
sensor is often not welcome or not possible because of the cost
requirement, limited space, and reliability consideration. There-
fore, position sensorless drive is preferred in HSPMSM drives.
The position sensorless drive is based on the back electromotive
force (EMF) estimation by a linear state observer [17], [31] and
a phased-locked loop. Considering that this article focuses on
the dynamic-decoupled current controller design, the details on
the position estimation method will not be discussed.

A. Discrete-Time Model

Because of the winding resistance is usually small, it can
be neglected when modeling the drive system. In that case, the
complex continuous-time model in theαβ stationary coordinate
is derived as

Gs(s) =
i2s(s)

Vs(s)
=

1

sL1

γ2LC

s2 + ω2
res

(1)

where ωres =
√

(L1 + L2)/(L1L2C) is the natural resonant
frequency. γLC =

√
1/(L2C). L1 is the inverter-side induc-

tance. L2 = L2o + Ls. L2o is the motor-side inductance. Ls is
the motor inductance. C refers to the filtered capacitor. i2s =
i2α + ji2β is the motor current and Vs = V2α + jV2β denotes
the inverter output voltage. The back EMF is neglected, since it
only influences the fundamental motor current and has no effect
on stability [11]. With zero-order hold method, the discrete-time
transfer function can be obtained as

Gs(z) =
i2s(z)

Vs(z)
=

T

(L1 + L2) (z − 1)

− sin (ωresT )

ωres (L1 + L2)

z − 1

z2 − 2z cos (ωresT ) + 1
(2)

where T is the sampling period.
To represent the transfer function in the dq synchronous

coordinate, the frequency shift z → zejωeT is applied in (2),
which leads to

Gr(z) =
i2r(z)

Vr(z)
=

T

(L1 + L2) (zejωeT − 1)

− sin(ωresT )

ωres(L1+L2)

zejωeT − 1

z2e2jωeT −2zejωeT cos(ωresT )+1
(3)

where i2r = i2d + ji2q . Vr = Vd + jVq . ωe is the fundamental
angular frequency. It can be checked that the resonant frequency
in the synchronous coordinate varies with ωe as

ωr
res = ωres − ωe (4)

where ωr
res denotes the synchronous resonant frequency.

Besides, the one sampling-period delay is often modeled as
latched in the stationary frame [25]. Because of the synchronous
transformation, the digital delay in the synchronous coordinate
is modeled as

Gd(z) =
Vr(z)

V ∗
r (z)

=
1

zejωeT
(5)

where V ∗
r denotes the complex voltage reference. Therefore, the

discrete-time transfer function with digital delay is derived as

Gp(z) =
i2r(z)

V ∗
r (z)

= Gr(z)×Gd(z) (6)

where Gp(z) is the discrete-time transfer function with digital
delay in the dq synchronous coordinate.
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Fig. 2. System diagram of the proposed dynamic-decoupled current control.

III. PROPOSED DYNAMIC-DECOUPLED CURRENT

CONTROL METHOD

In this section, a complex dynamic-decoupled current control
method for the LCL-equipped HSPMSM is proposed, as shown
in Fig. 2. The transfer function of the proposed controller is
designed as

Gc(z) =
V ∗
r (z)

ie2r(z)

=

Gdr(z)︷ ︸︸ ︷
zejωeT − 1

z − 1
×ejωeT︸ ︷︷ ︸

Decoupling Control

×

Glc(z)︷ ︸︸ ︷
az + b

z − 1
×Gnotch(z)︸ ︷︷ ︸

Stabilizing Control

(7)

where ie2r(z) = i∗2r(z)− i2r(z). i∗2r(z) is the reference current
and ie2r(z) is the regulated current error. TheGlc(z),Gdr(z), and
Gnotch(z) denote the transfer function of the linear controller, the
dynamic decoupling, and the notch filter, respectively. ejωeT is
the decoupling gain of the digital delay. a and b are coefficients
of the proposed controller, which meet

a > 0 − b

a
� 1. (8)

The transfer function of the discrete-time notch filter is intro-
duced as [32]

Gnotch(z) =
1

2

(1 + λ2)− 2λ1z
−1 + (1 + λ2)z

−2

1− λ1z−1 + λ2z−2
(9)

and the coefficients are defined as

λ1 =
2 cos(ωnT )

1 + tan(ΩT/2)
λ2 =

1− tan(ΩT/2)

1 + tan(ΩT/2)
(10)

where ωn denotes the resonant frequency of the notch filter and
Ω is the −3-dB bandwidth.

Therefore, the forward-path transfer function with the pro-
posed controller and the discrete-time model is established as

i2r(z)

ie2r(z)
= Gc(z)×Gp(z). (11)

A. Decoupling Control

To achieve the decoupled-dynamic current control, the decou-
pling control is designed as follows.

1) Delay Decoupling: The item ejωeT aims to eliminate the
coupling caused by the digital delay and it provides ωeT phase
lead.

2) Dynamic Decoupling: To further decoupling, Gdr(z) is
designed to achieve the dynamic decoupling, as shown in (7).
The decoupled transfer function is written as

Gd
p(z) = Gp(z)Gdr(z)e

jωeT

=
T

z(z − 1) (L1 + L2)
− sin (ωresT )

z(z − 1)ωres (L1 + L2)

×
(
zejωeT − 1

)2
z2e2jωeT − 2zejωeT cos (ωresT ) + 1

(12)

where Gd
p(z) represents the series transfer function with the

decoupling control and the discrete-time model. Fig. 4 shows
the bode diagram of Gd

p(z). It can be observed that Gd
p(z) at

ωe = 2πfN has the same magnitude as Gp(z) at ωe = 0 in the
low-frequency region. It indicates the dynamic performance of
Gd

p(z) is decoupled in the low-frequency region. In the high-
speed region, the dynamic coupling still exists. Considering
the exciting component located in the high-frequency region
is usually small, the dynamic-decoupled is achieved with the
proposed decoupling control.

B. Stabilizing Control With AD

The stabilizing control is designed to provide sufficient PM
and GM, which consists of a linear controller and a notch filter.
The detailed control block of the proposed dynamic-decoupled
current control method is demonstrated in Fig. 3.

C. Zero Steady-State Tracking Error

Eliminating the steady-state error is essential for a current
controller. In order to discuss the steady-state performance of
the proposed method, the close-loop transfer function can be
derived as

Gclose =
i2r(z)

i∗2r(z)
=

Gc(z)Gp(z)

1 +Gc(z)Gp(z)

=
P (z)

Λ(z) + P (z)
(13)

and Λ(z) and P (z) are defined as

Λ(z) = z
(
z2e2jωeT − 2zejωeT cos (ωresT ) + 1

)
(z − 1)2

P (z) =

⎛
⎝ (α1 − α2) z

2e2jωeT

+2 (α2 − cos (ωresT )α1) ze
jωeT

+(α1 − α2)

⎞
⎠

× (az + b)Gnotch(z)
(14)
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Fig. 3. Control block of the proposed dynamic-decoupled current control.

Fig. 4. Bode diagram of Gd
p(z) with fN=1667 Hz and T=50 μs.

where α1 and α2 are defined as

α1 =
T

L1 + L2
α2 =

sin (ωresT )

ωres (L1 + L2)
. (15)

Based on the closed-loop transfer function above, the final
value of i2r(t) can be obtained as

lim
t→∞ i2r(t) = lim

z→1
(z − 1)Gclose(z)i

∗
2r(z)

= lim
z→1

(z − 1)Gclose(z)
z

z − 1

= lim
z→1

z
P (z)

Λ(z) + P (z)
(z)i∗2r (16)

where i∗2r(z) is modeled as a step reference and i∗2r is the
amplitude of the step signal.

For Λ(z), there is

lim
z→1

Λ(z) = 0 (17)

and for P (z), it leads to

lim
z→1

P (z) =

⎛
⎝ (α1 − α2) e

2jωeT

+2 (α2 − cos (ωresT )α1) e
jωeT

+(α1 − α2)

⎞
⎠ (a+ b) .

(18)
According to (8), a+ b �= 0 and, thus, the final value of i2r(t)
can be obtained as

lim
t→∞ i2r(t) = i∗2r. (19)

Therefore, the zero steady-state error is achieved with the pro-
posed current controller.

Fig. 5. Bode diagram of Gnotch(z) with Ω = 2π × 12000.

IV. GAIN DETERMINATION

In this section, the coefficients of the linear controller (a and
b) and the parameters (ωn and Ω) of the notch filter are well
designed to meet the requirements of the PM and GM. It should
be noted that the following theoretical analysis is based on the
assumption that the −180◦ phase crossing frequency is smaller
than the synchronous resonant frequency ωr

res. In that case, the
LCL resonance does not affect the closed-loop stability and the
coefficient selection. To ensure that, the stable region of the LCL
resonance with the proposed method will be discussed in the next
section.

A. Notch Filter

As the mentioned analysis, the resonant frequency ωn should
be located after the resonant frequency of the LCL filter. Con-
sidering the parameter variation, ωn is selected with more ro-
bustness as

ωn > 1.2ωres (20)

and Ω is selected to meet the following equation:

|Gnotch(z)|(z = e−jωT ) ≈ 1

∠Gnotch(z)(z = e−jωT ) ≈ −ωT (21)

where ω is less than the desired −180◦ phase crossing fre-
quency of the open-loop transfer function, which will be dis-
cussed later. In that case, Ω can be 2π × 12000. Clearly, Ω
is unrelated with the LCL filter parameters, which means that
Ω is suitable for different drive systems. Fig. 5 shows the
bode diagram of Gnotch(z). It can be observed that the phase
of the Gnotch(z) is almost equivalent to the −ωT before the
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maximum −180◦ phase crossing frequency, which will be
discussed later.

B. Linear Controller

Proposition 1: To achieve PM> π/4 and GM> −3dB, the
coefficient a and b of the linear controller should be selected on
basis of the following equation:

a = ωcp(L1 + L2)

b = 0.5a (π − 5ωcgT )ωcgT − a

ωcp = t
π

20T

2 +
√
3

20

π

T
< ωcg <

π

5T
(22)

where ωcp is the frequency where the PM is measured, which
is 0-dB gain crossing frequency. ωcg is the frequency where the
GM is measured, which is a −180◦ phase crossing frequency.

Proof: Assuming that the synchronous resonant frequency
ωr

res is larger than ωcg , the magnitude and phase contribution of
the LCL resonance is small before ωcg. The plant response will
always be dominated by the series inductance [5], [11]. Hence,
only the low-frequency item of the plant model (12) is required,
and the decoupled forward-path transfer function reduces to

Gd
p(z) ≈

T

z(z − 1) (L1 + L2)
(23)

and in that case, the magnitude and phase can be obtained as

|Gd
p(z)|(z = e−jωT ) ≈ 1

2 sin(ωT/2)

T

L1 + L2

∠Gd
p(z)(z = e−jωT ) ≈ −π

2
− 3

2
ωT. (24)

For the linear controller Glc(z), the magnitude and phase is
derived as

|Glc(z)|(z = e−jωT ) ≈
√
a2 +

(
a+ b

ωT

)2

∠Glc(z)(z = e−jωT ) ≈ −atan

(
a+ b

ωTa

)
. (25)

Therefore, the magnitude and phase of the forward-path trans-
fer function can be written as∣∣∣∣ i2r(z)ie2r(z)

∣∣∣∣ (z=e−jωT
)
=

T

2(L1+L2)sin
(
ωT
2

)
√
a2+

(
a+ b

ωT

)2

∠ i2r(z)
ie2r(z)

(
z = e−jωT

)
= −π

2
− 5

2
ωT − atan

(
a+ b

ωTa

)
.

(26)

To achieve a PM of the desired ψm at ωcp, it results in∣∣∣∣ i2r(z)ie2r(z)

∣∣∣∣ (z = e−jωcpT ) = 1 (27)

∠ i2r(z)
ie2r(z)

(z = e−jωcpT ) + π = ψm. (28)

Fig. 6. Variation of y1 and y2 with ω.

Besides, achieve a GM of the desired δ at ωcg, which leads to∣∣∣∣ i2r(z)ie2r(z)

∣∣∣∣ (z = e−jωcgT ) = g (29)

∠ i2r(z)
ie2r(z)

(z = e−jωcgT ) + π = 0 (30)

where ψm and δ should meet the following equation:

ψm ≥ π/4 g ≤
√
2/2. (31)

It can be observed that it is difficult to determinate these coeffi-
cients based on (27)–(31). Therefore, according to (8), assuming
that√

a2 +

(
a+ b

ωcpT

)2

≈ a sin(
ωT

2
) =

ωT

2

atan

(
a+ b

ωcpTa

)
≈ a+ b

ωcpTa
atan

(
a+ b

ωcgTa

)
≈ a+ b

ωcgTa
(32)

based on (27), (29), and (31), it leads to

a = ωcp(L1 + L2) (33)

tωcp ≤ 0.707ωcg (34)

and

ωcg =
π +

√
π2 − 8 (a+ b) /a

10T

ωcp ≤ π +
√
π2 − 160 (a+ b) /a

20T
. (35)

After math manipulation, the following equation should be
satisfied with ωcp and ωcg:

−ω2
cp +

π

10T
ωcp ≥ −ω2

cg +
π

5T
ωcg. (36)

Defining

y1 = −ω2 +
π

10T
ω y2 = −ω2 +

π

5T
ω (37)

the variation of y1 and y2 withω is shown in Fig. 6. To meet (36),
y1(ω = ωcp) should be larger than y2(ω = ωcg). To simplify
processing, the crossover frequency is selected to obtain the
maximum y1 and thus

ωcp =
π

20T
. (38)
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In that case, the critical frequency ωcrit
cg can be calculated as

ωcrit
cg =

2 +
√
3

20

π

T
(39)

where y1(ω = π
20T ) is equal to y2(ω = ωcrit

cf ). It can be checked
that the equation ωcp ≤ 0.707ωcrit

cf meets.
According to (8) and (30), the maximumωcg can be expressed

as

ωcg =
2

5T

(
π

2
− atan

(
a+ b

ωcgTa

))
<

π

5T
. (40)

Therefore, ωcg should be located as

2 +
√
3

20

π

T
< ωcg <

π

5T
. (41)

For the selection of b, on basis of (30), the coefficient b can
be calculated as

b = 0.5a (π − 5ωcgT )ωcgT − a. (42)

Based on the aforementioned analysis, when the coefficient of
a and b are selected according to (33), (38), (41), and (42), both
the PM> π/4 and GM> −3dB are achieved. This completes
the proof.

V. STABLE REGION OF THE LCL RESONANCE WITH

PROPOSED METHOD

Significant research effort has been established to explore
the stable region of the LCL resonance and a critical frequency
(i.e., one-sixth sampling frequency) is proposed [11]. It should
be noted that this conclusion is based on a stationary con-
troller, which indicates that it is unrelated to the fundamental
frequency. When taking the controller into the dq coordinate,
the synchronous resonant frequency ωr

res decreases with the
speed up. Therefore, the stable region of the LCL resonance is
limited by the maximum speed. In this section, the stable region
of the LCL resonance with the proposed dynamic-decoupled
current controller and coefficient selection method is discussed.
A critical frequency of the LCL resonance will be given with the
predefined maximum speed.

Proposition 2: With the proposed current controller (7) and
coefficient selection method (22), the stable region of the LCL
resonance should be

ωres ≥
√√√√ρ

(
π
5T + ωm

e

)2
+ 1

2

(
π
5T + ωm

e

)4
T 2

ρ+ 1
12

(
π
5T + ωm

e

)4
T 4

(43)

where ωm
e denotes the maximum ωe and the coefficient ρ is a

positive constant, which is defined as ρ = 20
√
2 sin(0.1π)

π − 1.
Proof: According to the decoupled model (12), the magnitude

can be calculated as

|Gd
p(z)|(z = e−jωT ) =

1

2 sin(ωT
2 )

T

L1 + L2

×
(
1 +

sin (ωresT )

ωresT

(1− cos ((ω + ωe)T ))
2

cos ((ω + ωe)T )− cos (ωresT )

)
.

(44)

Fig. 7. Bode diagram of the open-loop transfer function when the
maximum ωe = 2π × 1666.67 rad/s. ωres = 2π × 4320 rad/s. T = 50μs.

Therefore, the magnitude of the open-loop transfer function
at ωcg can be written as∣∣∣∣ i2r(z)ie2r(z)

∣∣∣∣ (z = e−jωcgT ) ≈ π

40 sin(ωcgT/2)

×
(
1 +

sin (ωresT )

ωresT

(1− cos ((ωcg + ωe)T ))
2

cos ((ωcg + ωe)T )− cos (ωresT )

)
(45)

and it leads to∣∣∣∣ i2r(z)ie2r(z)

∣∣∣∣ (z = e−jωcgT ) ≈ π

40 sin(ωcgT/2)

×
(
1 +

(
1

2
− (ωresT )

2

12

)
(ωcg + ωe)

4T 2

ω2
res − (ωcg + ωe)

2

)
≤

√
2

2
.

(46)
Based on the coefficient selection method (22), the maximum

ωcg is π
5T . Substituting ωcg = π

5T into (45), it leads to

ωres ≥
√√√√ρ

(
π
5T + ωe

)2
+ 1

2

(
π
5T + ωe

)4
T 2

ρ+ 1
12

(
π
5T + ωe

)4
T 4

. (47)

It can be checked that the critical ωres is obtained when the
maximum ωe is adopted. This completes the proof.

When the following parameters are adopted:

ωm
e = 2π × 1666rad/s T = 50μs (48)

based on (43), the resonant frequency should be

ωres ≥ 2π × 4128rad/s. (49)

Fig. 7 shows the bode diagram of the open-loop transfer
function. When the critical natural resonant frequency of the
LCL filter is adopted, the synchronous resonant frequency ωr

res
is 2462 Hz, which is smaller than the one-sixth of the sampling
frequency (3333Hz). Clearly, it results from the AD of the
proposed controller. Both the PM and GM are satisfied. As a
consequence, when the resonance frequency of the LCL filter
does not meet (43), the effectiveness of the proposed method
cannot be guaranteed.
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Fig. 8. Bode diagram of the open-loop transfer function when a varies.
fN = 1666.67 Hz and ωcg = 2π × 1950 rad/s.

VI. ROBUSTNESS CONSIDERATIONS

In this section, the proposed controller (7) and the coefficient
selection method (22) are modified with more robustness. The
parameter sensitivity of the closed-loop stability is analyzed by
the closed-loop pole map.

A. Robust Coefficient Selection Method

As the analysis above, the selection method of the coefficient
a and b is provided, as shown in (22). a is related to the
series inductance, which indicates that it will be affected by
the mismatched parameters. It is equivalent with the crossover
frequency ωcp varying as

π

40T
≤ ωcp ≤ 3π

40T
. (50)

To satisfy condition (36), ωcg should be selected as

4 +
√
13

40

π

T
< ωcg <

π

5T
. (51)

Therefore, to achieve the PM> π/4 and GM> −3dB when the
series inductance varies±50%, the coefficients of a and b should
be modified as

a = ωcpL̂series

b = 0.5a (π − 5ωcgT )ωcgT − a

ωcp =
π

20T

4 +
√
13

40

π

T
< ωcg <

π

5T
(52)

where L̂series is the series inductance value adopted in the
controller. Fig. 8 shows the bode diagram of the open-loop
transfer function with the mismatched series inductance. â is
the adopted value and a is the accurate value. fN = 1666.67Hz,
T = 50μs, and ωcg = 2π × 1950 rad/s. Clearly, PM> π/4 and
GM> −3dB is still achieved, which indicates the coefficient
selection method (52) has enhanced ability to deal with the
parameter variation.

B. Modified Current Controller with More Robustness

Based on the control theory, considering the external dis-
turbance and system noises, the pole-zero cancellation of the

Fig. 9. Pole map of the closed-loop system with L1, L2, C, and R
varying ±50% of their real values. ωe = 2πfN . (a) 0.5L1 to 1.5L1. (b)
0.5L2 to 1.5L2. (c) 0.5C to 1.5C. (d) 0.5R to 1.5R.

critically stable pole may cause undesirable oscillation. It indi-
cates that the cancellation has a lack of robustness. To solve
this problem, the proposed current controller is modified by
taking the motor resistance into account. With the resistance,
the zero-pole cancellation will not locate at the unit cycle.
Correspondingly, the robust current controller is derived as

Ĝc(z) =
V ∗
r (z)

ie2r(z)
=
zejωeT − δ

z − 1
× ejωeT × az + b

z − 1
×Gnotch(z)

(53)

where Ĝc(z) is the modified current controller. δ is a positive
coefficient and is defined as

δ = e−
R

3L2
T (54)

where R is the motor resistance. The details on the selection of
δ can be found in the Appendix. Because of δ is much close
to 1, the selection method of a and b, as shown in (52), is still
effective for the modified current controller Ĝc(z).

C. Parameter Sensitivity Analysis of the
Closed-Loop Stability

Fig. 9 shows the pole map of the closed-loop system with L1,
L2, C, and R varying ±50% of their real values. In Fig. 9(a),
as L1 varies from 0.5L1 to 1.5L1, all the closed-loop poles
are still inside the unit cycle, which indicates the system is
stable. Besides, the variation of L1 has slight effect on the
zero-pole cancellation and, thus, the dynamic decoupling is
robust against this variation. The same statement can be also
applied in Fig. 9(b)–(d). Therefore, both the stability and the
dynamic decoupling capability of the proposed current control
method are guaranteed when L1, L2, C, and R varying ±50%
of their real values.
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TABLE I
PARAMETERS OF THE EXPERIMENTAL PLANT

TABLE II
q-AXIS CURRENT WITH DIFFERENT SPEED

Fig. 10. Experimental setup.

VII. EXPERIMENTAL VALIDATIONS AND ANALYSIS

The experiment is designed to validate the effectiveness of
the proposed method. The parameters of the experimental plant
are shown in Table I. Only the current controller is used, which
means no speed loop. A fan is connected to the shaft of the
tested motor as a load, and thus, the load torque is approximately
proportional to the square of the motor speed, as shown in
Table II. The experimental setup is shown in Fig. 10. All the
data of the experiments are sent to the host PC by the Ethernet
module in the control board. δ = 0.985,ωcg = 2π × 1950 rad/s,
ωcp = 2π × 500 rad/s, a = 0.3314, and b = −0.3235.

A. Dynamic Decoupling Performance

Fig. 11 shows the experimental results of dynamic decoupling
performance with the proposed method and conventional PI
controller. i∗2d = 0 .

In Fig. 11(a), the current reference i∗2q has a stepping increase
from 10 to 20A at t = 0.4s and, thus, the speed of the tested
motor varies from 60 (1000 Hz) to 84 kr/min (1400 Hz). It can
be observed that the proposed method effectively tracks i∗2q with
a rise time of about 2.2ms and an overshoot of about 3A. With
the stepping i2q , the maximum deviation of i2d is 0.36A. In the
high-speed region, as shown in Fig. 11(b), the current reference
i∗2q has a stepping change from 20 to 30A at t = 0.35s and, thus,

Fig. 11. Experimental results: the dynamic decoupling performance
with the proposed method. From top to down: i2d, i2q , and speed
(kr/min). (a) i2q from 10 to 20 A. (b) i2q from 20 to 30 A.

Fig. 12. Bode diagram of Gp(z)Gpi(z).

Fig. 13. Control block of the PI controller with feedforward decoupling.

Fig. 14. Control block of the internal-mode decoupled controller [30].

the speed changes from 84 (1400 Hz) to 100 kr/min (1667 Hz).
The maximum deviation of i2d is 0.4A.

As a comparison with the previous methods, the current
transient performance from 5 to 10A with different methods
are investigated as follows.

1) Conventional PI controller, which is given as

Gpi(z) = kp +
kiT

z − 1
(55)
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Fig. 15. Experimental results: steady-state performance comparison
with previous methods at i∗2q = 10A.

TABLE III
CONTROL PERFORMANCE COMPARISON

where kp = 0.4 and ki = 1000. As shown in Table II,
when i2q steps from 5 to 10A, the speed varies from
around 38 (633 Hz) to 60 kr/min (1000 Hz). Fig. 12 shows
the open-loop transfer function of the PI-controlled drive
system when the motor fundamental frequency is 0 and
1000 Hz. The sufficient PM and GM are achieved with
the coefficient selection.

2) Conventional PI controller with the feedforward decou-
pling (PI+FD), as shown in Fig. 13. The same coefficient
selection of the PI controller is adopted.

3) Internal-mode decoupling (IMD) controller, as shown in
Fig. 14. According to Leitner et al. [30], the filtering
constant λ is selected as 0.00015.

Figs. 15 and 16 show the steady-state performance at 10A
and the dynamic decoupling performance comparison with the
previous methods from 5 to 10A, respectively. As shown in
Fig. 15, the PI controller, PI+FD controller, and the proposed
method have the similar steady-state performance, where the
maximum current ripple is around 0.6A with the current refer-
ence10A. But for the IMD controller, the current ripple increases
up to 1.1A. In Fig. 16, with the stepping i∗2q from 5 to 10A, the
maximum deviation of i2d is up to 3A of PI controller, 2.3A of
PI+FD controller, 1.5A of IMD controller, and 0.3A of proposed
method. The results of the control performance comparison with
previous methods are shown in Table III.

Therefore, with the small steady-state current ripple and
much reduced dynamic deviation of i2d, the proposed current
controller has a better steady-state performance and dynamic-
decoupled ability at the same time, as the main contribution of
this article.

B. Speed Control Performance With Torque Variation

Experiments are performed to evaluate the performance of the
proposed controller when the speed controller is adopted and a

TABLE IV
THD ANALYSIS COMPARISON AT 30A

stepping change occurs in the load torque. In the experiment,
the load torque can be changed by adjusting the air intake of the
fan installed on the motor shaft.

Fig. 17 shows experimental results of the speed control per-
formance with the proposed dynamic-decoupled current control
method. In Fig. 17(a), the tested motor is driven from 0 to
80 kr/min. Besides, as shown in Fig. 17(b), at 1.55 s, the torque
has a stepping change from 8 to 18A. It can be observed that the
proposed current controller can well track the reference from
the speed controller.

C. Robustness Validation

To validate the robustness of the proposed coefficient selection
method, the following cases are considered.

1) Case 1: L̂series = 0.5(L1 + L2), δ = e−
R

3L2
T .

2) Case 2: L̂series = 1.5(L1 + L2), δ = e−
R

3L2
T .

3) Case 3: L̂series = L1 + L2, δ = e−
2R
3L2

T .
4) Case 4: L̂series = L1 + L2, δ = e−

R
6L2

T .
For case 1, as shown in Fig. 18(a), the current reference i∗2q

has a stepping increase from 20 to 30A at t = 0.35s. It can be
observed that the proposed method still tracks i∗2q effectively
with a rise time of about 3.7ms and an overshoot of about
3.2A. Because of the smaller a, the rise time is much longer
than that of Fig. 11(b). With the stepping i2q , the maximum
deviation of i2d is 0.5A. In case 2, as shown in Fig. 18(b),
the transient performance is achieved with a rise time of about
1.6ms and an overshoot of about 3.5A. Because of the larger a,
the rise time is shorter than that of Fig. 11(b). When i2q goes
through changes from 20 to 30A, the maximum deviation of i2d
is 0.55A. According to the experimental results, the proposed
current controller with the coefficient selection method works
well, even when the series inductance varies ±50%.

In case 3 and case 4, the mismatched δ is considered when
R
L2

varies from R
2L2

to 2R
L2

. In Fig. 19(a) and (b), when i2q goes
through changes from 20 to 30A, the maximum deviation of i2d
is 0.5 and 0.56A, respectively. Therefore, the dynamic decou-
pling performance of the proposed method is robust against the
system parameters.

The THD analysis of the phase A current under different cases
is also provided, as shown in Table IV. Even with parameter
mismatch, the THD of the stationary current is still around 2.5%.

VIII. CONCLUSION

This article proposed a discrete-time dynamic-decoupled cur-
rent control method for the LCL-equipped HSPMSM drives. The
proposed current control method has the following advantages.

1) Robust dynamic-decoupled ability to achieve better cur-
rent transient performance compared with the previous
methods (PI, PI+FD, and IMD).
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Fig. 16. Experimental results: the dynamic decoupling performance comparison with the previous methods from 5 to 10A. (a) PI controller.
(b) PI+FD controller. (c) IMD controller. (d) Proposed controller.

Fig. 17. Experimental result: speed control performance with torque
variation at 80 kr/min. (a) Speed tracking performance. (b) Torque
variation.

Fig. 18. Experimental results: the dynamic decoupling performance
with (a) case 1 and (b) case 2.

2) Similar steady-state tracking performance with PI and
PI+FD method, but it is much better than IMD method.

3) Robust coefficient selection method to achieve sufficient
PM and GM, even with the system parameters varying
±50%.

Fig. 19. Experimental results: the dynamic decoupling performance
with (a) case 3 and (b) case 4.

APPENDIX

The complex continuous-time model in the αβ stationary
coordinate with the motor resistance is expressed as

Gp(s) =
1

D(s)
(A.1)

whereD(s) = η1s
3 + η2s

2 + η3s+ η4 and the coefficients are
defined as

η1 = L1L2C η2 = L1CR

η3 = L1 + L2 η4 = R. (A.2)

To obtain the poles ofGp(s), the discriminant Δ of the equation
D(s) = 0 is derived as

Δ =

(
η2η3
6η21

− η32
27η31

− η4
2η1

)2

+

(
η3
3η1

− η22
9η21

)3

>

(
η3
3η1

− η22
9η21

)3

=
3(L1 + L2)− (L1CR)

2

9L1L2C
> 0.

(A.3)

Therefore, the equation D(s) = 0 has one real root and two
complex conjugate roots as

s1 = σ1 ≈ − R

3L2
s2,3 = σ2 ± jσ3. (A.4)
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By using z = e−sT and the frequency shift z → zejωeT

z1 = e−σ1T ≈ e(−
R

3L2
−jωe)T

z2,3 = e−(σ2±jσ3+jωe)T (A.5)

where z1 causes the coupling of the dq coordinate and z2,3 is the
quasi-resonance poles. To achieve the zero-pole cancellation of
z1, δ can be derived as

δ = e−
R

3L2
T . (A.6)
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