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Abstract

The dq-axis coupling effect significantly influences the vector control performance of
permanent magnet synchronous motors (PMSMs), and traditional proportional-integral (PI)
control cannot control the system as desired. Extensive studies have addressed this coupling
effect. However, traditional evaluation methods based on pole–zero distribution are not
intuitive, which is unfavorable for engineers to select and apply decoupling strategies.
This paper employed singular value analysis to assess coupling trends and magnitude–
frequency characteristics of the system. In consideration of the effects of rotor speed,
parameter estimation error, and digital delay, a comprehensive evaluation of controllers
was conducted. This evaluation included feedforward, feedback, and internal model
control (IMC) decoupling, with the analysis facilitated by singular value plots. Under the
parameters chosen in this paper, the feedforward decoupling controller improves slightly
in decoupling under time delay, but higher rotor speed degrades its performance more. The
feedback decoupling controller worsens as the system’s overshoot rate surges from 19.4%
to 33.4% under the effect of time delay, though it can decouple completely under ideal
conditions. It is evident that the efficacy of all strategies is diminished in the presence of
parameter estimation deviation. In contrast, the internal model decoupling controller shows
better decoupling capability and stronger robustness, while its overshoot remains under
24%. The effectiveness of the proposed method was confirmed through a combination of
simulations and experiments.

Keywords: current loop decoupling; permanent magnet synchronous motors (PMSMs);
singular values

1. Introduction
Permanent magnet synchronous motors (PMSMs) have been widely applied in the

electric drive systems of electric vehicles due to their high power density, high efficiency,
and structural compactness [1–6]. Field-oriented control (FOC) is an important method
to accurately control PMSMs. Through Clarke and Park transformations, the PMSM
voltage equations are converted from the three-phase coordinate system into the dq-axis
synchronous rotating two-phase coordinate system. Proportional-integral (PI) control is
then used to dynamically regulate the current loop [7,8].

However, due to the presence of speed-dependent coupling terms, any dynamics in
one axis inevitably introduces disturbance in the other axis, and the coupling becomes
stronger under high-speed conditions [9,10]. This results in discrepancies between the
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reference and actual current values and affects the current’s dynamic trajectory, which
will then influence the whole control of the motor [11,12]. In that case, conventional PI
control cannot achieve the desired performance and may even lead to instability. Therefore,
decoupling methods are required to regulate dq-axis currents independently and improve
the transient behavior [13].

Early work [14] applied feedback decoupling to PMSMs, and feedforward decou-
pling was later adopted in [15]. Both strategies provide better regulation compared with
conventional PI control. Yet, they are mainly model-based and thus sensitive to param-
eter variations. Under large parameter errors, their dynamic decoupling performance
is poor [16]. To address this limitation, [17] proposed internal model control (IMC) de-
coupling control for PMSMs based on the internal model principle. A similar deviation
decoupling method was proposed in [18] and further extended to PMSM drive systems
in [19]. The two strategies demonstrate better control performance and robustness and are
widely adopted in practice. More recently, research has gradually shifted from focusing
on mathematical models to developing advanced control methods, integrating big data,
real-time computation, and intelligent algorithms [20].

Extensive studies on decoupling strategies have been conducted. However, relatively
few works have addressed intuitive evaluation methods for decoupling effectiveness. Most
evaluations rely on simulations and experiments. But it is cumbersome to compare the
performance under different operating conditions. To address this issue, the paper [21]
adopts pole–zero distribution and Bode plots to analyze several decoupling strategies
with complex vector representation, which transforms dq-axis vectors from a multi-input
multi-output (MIMO) system into a single-input single-output (SISO) form [22]. However,
the focus of this method lies in analyzing stability and dynamic performance. There
is no intuitive and unified metric for coupling level. In [23], the dynamic relative gain
array (DRGA) is introduced. Based on the transfer function matrix, the study compares
four decoupling controllers through coupling content intuitively represented by the RGA
number. Nevertheless, this approach attends to the representation of coupling content but
lacks the manifestation of system dynamic response characteristics, which is the direct
effect of coupling.

To evaluate both the system coupling trend and frequency-domain characteristics, this
paper introduces singular value analysis based on a MIMO framework. The proposed
analysis is based on a linearized current-loop model of a permanent magnet synchronous
motor centered on a specific operating point. Given the widespread application of electric
motors in the automotive industry, the parameter selection and operating conditions
discussed in this paper are primarily derived from automotive drive motor scenarios.
First, the overall state-space equations of the controllers and the motor drive systems are
derived. Then, frequency-domain singular value analysis is conducted to investigate the
effects of motor speed, parameter estimation errors, and digital delay on the controller’s
performance. Finally, simulations and experiments are carried out to verify the effectiveness
of the proposed method.

2. Description of the Frequency-Domain Singular Value Analysis Method
The singular value analysis method is part of linear system theory and is applied in the

evaluation of MIMO systems. It reflects the coupling among variables and the magnitude–
frequency characteristics of the system. For a MIMO system, the transfer function matrix
G(s) can be derived from the state-space equations, and singular value decomposition
(SVD) can be performed on G(s).
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The maximum and minimum singular values are denoted as follows:

σmax(G) = max
x ̸=0

||Gx||2
||x||2

(1)

σmin(G) = min
x ̸=0

||Gx||2
||x||2

(2)

The system gain lies between the maximum and minimum singular values and varies
with frequency.

The condition number of G(s) quantifies the coupling condition by taking the ratio of
the maximum and minimum singular values [24], which can be expressed as follows:

κ(G) =
σmax(G)

σmin(G)
(3)

A value closer to one indicates that the output gain is less strongly dependent on
the input direction, while a larger value implies stronger dependence. In PMSM control
systems employing parameter tuning based on zero–pole cancellation, the gains depend
on the bandwidths, which are identical in a synchronous rotating two-phase coordinate
system. In the singular value plot, the coupling content can be intuitively observed from
the distance between the maximum and minimum singular value curves.

3. State-Space Model of Permanent Magnet Synchronous Motor
After the coordinate transformation, the voltage–current equations of the PMSM can

be represented in the synchronous rotating reference frame. In scalar form:{
usd = Rsisd + Ld

disd
dt − ωeLqisq

usq = Rsisq + Lq
disq
dt + ωeLdisd + ωeψ f

(4)

where usd and usq are stator voltages in the d-axis and q-axis, isd and isq are stator currents
in the d-axis and q-axis, Ld and Lq are stator inductances in the d-axis and q-axis, ωe is the
electrical angular velocity, Rs is the stator resistance, and ψf is rotor flux linkage. Values are
listed in Table 1.

Table 1. Variables in the equation.

Variable Symbol

stator voltages in the d-axis usd
stator voltages in the q-axis usq
stator currents in the d-axis isd
stator currents in the q-axis isq

stator inductances in the d-axis Ld
stator inductances in the q-axis Lq

electrical angular velocity ωe
stator resistance Rs

rotor flux linkage ψf
integral coefficient Ki

d-axis proportional coefficient Kpd
q-axis proportional coefficient Kpq

control bandwidth BW

From the above equations, it can be observed that the dq-axes contain the coupling
terms ωeLqisq and ωeLdisd. Conventional SISO models usually neglect these coupling
terms. However, under high-speed operating conditions, their magnitudes increase, so the
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influence on system control performance cannot be ignored. To characterize the coupling
behavior of the system facilitating singular value analysis, we employ the state-space
representation to model the motor as a MIMO system.

In practical applications such as electric vehicles, ωe cannot change abruptly due to
inertia. More importantly, it changes much more slowly than the stator current [25]. There-
fore, the permanent magnet back electromotive force associated with it can be regarded as
a quasi-static disturbance within a control cycle. It is further assumed that this disturbance
is completely compensated. By defining the system input as Us = [usd usq]T and the output
as Is = [isd isq]T [26], the state-space model of the motor can be formulated as follows:{ .

Is = AmIs + BmUs

Is = CmIs + DmUs
(5)

where Am =

[
− Rs

Ld

Lqωe
Ld

− Ldωe
Lq

− Rs
Lq

]
, Bm =

[
1

Ld
0

0 1
Lq

]
,Cm =

[
1 0
0 1

]
, Dm = 0.

4. State-Space Representation of the Current Decoupling Control System
In this section, decoupling controllers are incorporated to formulate the overall state-

space model of the PMSM control system for subsequent analysis.

4.1. Feedforward Decoupling

Feedforward decoupling uses the reference currents to compensate for the coupling
term in open loop and is sensitive to parameter error. The structure diagram is shown in
Figure 1.

Figure 1. Structure diagram of feedforward decoupling.

Here, Ki is the integral coefficient, Kpd is the d-axis proportional coefficient, and Kpq

is the q-axis proportional coefficient. These values are related to motor parameters and
control bandwidth: 

Ki = BW × R̂s

Kpd = BW × L̂d

Kpq = BW × L̂q

(6)

where BW is the control bandwidth, R̂s is the estimated value of stator resistance, L̂d is
the estimated value of stator inductance on the d-axis, L̂q is the estimated value of stator
inductance on the q-axis.

When ignoring time delay, the output voltage of the controller is equal to the input
voltage of the motor, that is

Uo = Us (7)
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The system input can be defined as Iref = [iref,d iref,q]T and Is = [isd isq]T, which are the
reference currents and stator currents, respectively. While the controller state is defined
as xc1 = [xc1,d xc1,q]T, the state-space model of the feedforward controller can be expressed
as follows: { .

xc1 = A f xc1 + B f 1Is + B f 2Ire f

Uo = C f xc1 + D f 1Is + D f 2Ire f
(8)

where A f = 0, B f 1 =

[
−Ki 0

0 −Ki

]
, B f 2 =

[
Ki 0
0 Ki

]
, C f =

[
1 0
0 1

]
, D f 1 =[

−Kpd 0
0 −Kpq

]
, D f 2 =

[
Kpd −Lqωe

Ldωe Kpq

]
.

By combining (5), (7), (8), the whole system of feedforward decoupling can be de-
scribed as follows:

[ .
xc1.
Is

]
=

[
A f B f 1

BmC f Am + BmD f 1

][
xc1

Is

]
+

[
B f 2

BmD f 2

]
Ire f

Is = [ 0 I ]

[
xc1

Is

] (9)

4.2. Feedback Decoupling

The feedback decoupling method compensates for the coupling terms using the motor
stator currents, which can be adjusted according to the current error. Theoretically, currents
of the dq-axes can be fully decoupled. But in practice, the feedback currents are not equal
to the actual currents due to the time-delay effect. Its effectiveness is also degraded by time
delay, which will be analyzed in Section 5. Also, the feedback currents may bring some
noise, like PWM Ripple. The structure diagram is shown in Figure 2.

Figure 2. Structure diagram of feedback decoupling.

Similar to the step in (8), the state-space model of the feedback controller can be
expressed as follows: { .

xc2 = Abxc2 + Bb1Is + Bb2Ire f

Uo = Cbxc2 + Db1Is + Db2Ire f
(10)

where Ab = 0, Bb1 =

[
−Ki 0

0 −Ki

]
, Bb2 =

[
Ki 0
0 Ki

]
, Cb =

[
1 0
0 1

]
, Db1 =[

−Kpd −Lqωe

Ldωe −Kpq

]
, Db2 =

[
Kpd 0

0 Kpq

]
.
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Combining (5), (7), and (10), the whole system of feedback decoupling can be described
as follows: 

[ .
xc2.
Is

]
=

[
Ab Bb1

BmCb Am + BmDb1

][
xc2

Is

]
+

[
Bb2

BmDb2

]
Ire f

Is = [ 0 I ]

[
xc2

Is

] (11)

4.3. Internal Model Control Decoupling

IMC decoupling introduces the motor model into the controller and regards the
coupling terms as an internal dynamics section. Thus, decoupling is achieved within the
controller. A filter connected in series with the inverse model prevents it from introducing
too much hardware noise. Through transformation, the structure diagram is shown in
Figure 3.

Figure 3. Structure diagram of IMC decoupling.

The state-space model of the IMC decoupling controller can be expressed as follows:{ .
xc3 = AIMCxc3 + BIMC1Is + BIMC2Ire f

Uo = CIMCxc3 + DIMC1Is + DIMC2Ire f
(12)

where AIMC = 0, BIMC =

[
−Ki ωeKpq

−ωeKpd −Ki

]
, CIMC =

[
1 0
0 1

]
, DIMC1 =

[
−Kpd 0

0 −Kpq

]
,

DIMC2 =

[
Kpd 0

0 Kpq

]
.

Combining (5), (7), and (12), the whole system can be expressed as follows:

[ .
xc3.
Is

]
=

[
AIMC BIMC1

BmCIMC Am + BmDIMC1

][
xc3

Is

]
+

[
BIMC2

BmDIMC2

]
Ire f

Is = [ 0 I ]

[
xc3

Is

] (13)

5. Analysis of Current Decoupling Control Effect Based on Singular Value
In this section, we analyze the impact of rotor speed, estimation accuracy of stator

inductance, and time delay on decoupling effectiveness. Comparisons of decoupling
controllers introduced above are also conducted. Parameters of the system are shown in
Table 2. Since the coupling effect is more pronounced at low bandwidths, the bandwidth
used in this paper is relatively low for better comparison. Based on the motor specifications,
the rated speed is theoretically approximately 250 Hz. The selected test points represent
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20%, 40%, and 60% of the base speed. This establishes a progressive gradient covering
the low-to-medium-high operating range. For frequency-domain evaluation, the singular
values are expressed in decibels as follows:

σdB = 20log10 σ (14)

Table 2. Parameters of the system.

Parameter Value

Rated power/kW 1
Rated speed/rpm 3000
Rated torque/Nm 3.2
Rated current/A 6.5

DC bus voltage/V 48
Inverter switching frequency/kHz 10

Sampling time/µs 100
Stator resistance/Ω 0.92

D-axis inductance/H 0.002522
Q-axis inductance/H 0.00384

Flux linkage/Wb 0.057678
Pole pairs 5

Control bandwidth/Hz 300

5.1. Analysis of Decoupled Control Performance Under Speed and Parameter Deviations

Considering that the coupling terms are proportional to both rotational speed and
inductance magnitude, we analyze the effects of rotor speed and parameter accuracy
on the decoupling and control performance. Based on the state-space equations, the
images of the singular values in the frequency domain for each decoupled control system
are plotted in Figure 4. When adopting a feedforward decoupling strategy, a distance
between the maximum singular value and the minimum singular value exists, indicating
the presence of coupling. As the speed gets higher, the distance grows further. The
condition number is about 2.9 dB at 50 Hz, while it is 3.4 dB at 100 Hz and increases to
4.7 dB at 150 Hz. The maximum singular value increases at medium-to-high frequencies,
exhibiting a trend of peak response. It is noted that an error between the reference current
and stator current is invariably present at the moment when the reference signal is input, so
feedforward decoupling cannot achieve complete dynamic decoupling. In Figure 4b,c, plots
under different speeds are the same and the curves of maximum and minimum singular
values coincide. This means both feedback and IMC decoupling controllers can eliminate
coupling completely. And their performances are not influenced by rising rotor speed
under this condition.

Accurate knowledge of the electrical parameters, like stator inductances of the dq-
axis, is indispensable to achieve high-performance control [27,28]. However, parameter
deviation occurs due to factors such as temperature and magnetic saturation. The actual
inductance values decrease during operation [29]. Figure 5 shows the singular value plot at
ωe = 100 Hz, where the relationship between the actual and estimated values of the dq-axis

inductance is given by
^
Ldq =1.5 Ldq.

The singular values of all decoupling strategies shift to the right near the frequency
of the control bandwidth, indicating an increase in closed-loop rise speed. For feedback
and feedforward decoupling, the minimum singular value curve shifts downward, lower
than 0 dB in the low-to-mid frequency range. Unlike when estimation is perfect, the two
curves separate when feedback and IMC decoupling are adopted. Still, the separation
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level of IMC decoupling is lower than that of feedback decoupling and is relatively small,
demonstrating a lower sensitivity to parameter deviation.

Figure 4. Singular value plot of the system without delay effects when parameter estimation is
accurate. (a) Feedforward decoupling. (b) Feedback decoupling. (c) IMC decoupling.

Figure 5. Singular value plot of the system without delay effects when ωe =100 Hz, L̂dq =1.5 Ldq.
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5.2. Analysis of Decoupled Control Performance Under Time Delay

Digital control systems inevitably exhibit control lag due to processes such as time-
consuming current sampling, calculations, and PWM output. This time delay results in
rotor angular position error that causes phase and magnitude errors in the output value [30],
along with a higher coupling condition. The overall system control block diagram is shown
in Figure 6, and the delay segment is indicated in the blue dashed block. Td represents the
delay time, whose optimal value can be determined to be 1.5 times the sampling period Ts
through analysis and phase compensation in [31]. θD denotes the angle ωeTd rotated by
the synchronous frame during the delay period. KD indicates the voltage amplitude gain,
generally calculated using the average value [31]:

KD =
2

Tsωe
sin(

Tsωe

2
) (15)

Figure 6. Diagram of the control system including time delay.

By defining the system input as Uo = [uod uoq]T, the output as Us = [usd usq]T, and the
system state as xD = [xDd xDq]T, the state-space of the delay segment can be formulated
as follows: { .

xD = ADxD + BDUo

Us = CDxD
(16)

where AD = − 1
Td

[
1 0
0 1

]
, BD = 1

TdKD

[
cos θD sin θD

− sin θD cos θD

]
, CD =

[
1 0
0 1

]
.

Combining Equations (5) and (15) with the controller state-space Equations (8), (10) and (12),
we yield the overall state-space control formula incorporating time delays:


.
xc
.
xD.
Is

 =

 Ac 0 Bc1

BDCc AD BDDc1

0 BmCD Am


 xc

xD

Is

+

 Bc2

BDDc2

0

Ire f

Is = [ 0 0 I ]

 xc

xD

Is


(17)

where Ac, Bc1, Bc2, Dc1, Dc2 denote the controller matrix coefficients.
When the sampling time remains unchanged, the extent of the delay effect is directly

related to rotor speed. This part analyzes the decoupling performance influenced by time
delay under different speeds. Based on (16), the singular value plot of each decoupling
system is shown in Figure 7.
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Figure 7. Singular value plot of the system with delay effects when parameter estimation is accurate.
(a) Feedforward decoupling. (b) Feedback decoupling. (c) IMC decoupling.

Then we compare plots at the same speed between Figures 4 and 7. For feedforward
decoupling, both the curves of maximum and minimum singular values shift upward near
the frequency of the control bandwidth, while the curve of minimum singular value shifts
a little more. Thus, the distance between them slightly decreases, indicating that delay has
a relatively minor impact on this strategy. But the system still exhibits significant coupling
due to the existence of the error between reference current and stator current at the moment
when the reference signal is input.

For feedback decoupling, the two curves separate, and the maximum singular value
curve moves upward. As the speed gets higher, there is an increasing peak response,
which reaches 1.50 dB at a speed of 150 Hz. In that case, the decoupling performance
is degraded, along with a deteriorated dynamic response. It can then be inferred that
feedback decoupling is highly sensitive to digital delay. For IMC decoupling, there is also
coupling content. However, the separation of singular value plots at different rotor speeds
is lower. That is, IMC decoupling is less sensitive to digital time delay.

6. Simulation and Experiment
6.1. Simulation

To verify the theoretical analysis, simulations are conducted based on Simulink. Pa-
rameters are shown in Table 2. In the model where the counter-electromotive force is
assumed to be fully compensated and parameters are tuned based on zero–pole cancella-
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tion, the primary distinction in the dq-axis voltage lies in the differing magnitudes of the
inductance in the coupling terms. Hence, the validation is undertaken through a step in
q-axis current.

The q-axis current steps to 8 A at 0.02 s. When parameter estimation is accurate,
simulation results of the dq-axis currents without delay effects are shown in Figure 8.
Simulation results of three-phase currents are also provided in Figure 9.

Figure 8. Simulation results of dq-axis currents without delay effects when parameter estimation is
accurate. (a) Feedforward decoupling at ωe = 50 Hz. (b) Feedforward decoupling at ωe = 100 Hz.
(c) Feedforward decoupling at ωe = 150 Hz. (d) Feedback decoupling at ωe = 50 Hz. (e) Feedback
decoupling at ωe = 100 Hz. (f) Feedback decoupling at ωe = 150 Hz. (g) IMC decoupling at ωe = 50 Hz.
(h) IMC decoupling at ωe = 100 Hz. (i) IMC decoupling at ωe = 150 Hz.

For feedforward decoupling, owing to the coupling effect, the d-axis current varies
as the q-axis current steps. This variation becomes more significant at higher speeds. For
feedback and IMC decoupling, the d-axis current does not change, and the whole response
curves are the same at different speeds. This is consistent with the analysis of the singular
value plots.

When ωe = 100 Hz and L̂dq =1.5 Ldq, simulation results without delay effects are shown
in Figures 10 and 11.

https://doi.org/10.3390/machines14091021
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Figure 9. Simulation results of three-phase currents without delay effects when parameter estimation
is accurate. (a) Feedforward decoupling at ωe = 50 Hz. (b) Feedforward decoupling at ωe = 100 Hz.
(c) Feedforward decoupling at ωe = 150 Hz. (d) Feedback decoupling at ωe = 50 Hz. (e) Feedback
decoupling at ωe = 100 Hz. (f) Feedback decoupling at ωe = 150 Hz. (g) IMC decoupling at ωe = 50 Hz.
(h) IMC decoupling at ωe = 100 Hz. (i) IMC decoupling at ωe = 150 Hz.

Figure 10. Simulation results of dq-axis currents without delay effects when ωe = 100 Hz,
^
Ldq = 1.5 Ldq. (a) Feedforward decoupling. (b) Feedback decoupling. (c) IMC decoupling.

The current reaches 95% of the reference value at a faster tracking speed for all
strategies. But for feedback decoupling, the speed slows thereafter due to amplitude
attenuation in the mid-frequency band. A noticeable decline of id is also shown in Figure 10b
since feedback decoupling degraded, as analyzed. Slightly influenced by the parameter
deviation, IMC decoupling has stronger robustness, which corresponds to the lesser degree
of separation between its two curves.
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Figure 11. Simulation results of three-phase currents without delay effects when ωe = 100 Hz,
^
Ldq = 1.5 Ldq. (a) Feedforward decoupling. (b) Feedback decoupling. (c) IMC decoupling.

Simulation results with delay effects and accurate parameter estimation are shown in
Figures 12 and 13.

Figure 12. Simulation results of dq-axis currents with delay effects and accurate parameter estimation.
(a) Feedforward decoupling at ωe = 50 Hz. (b) Feedforward decoupling at ωe = 100 Hz. (c) Feedfor-
ward decoupling at ωe = 150 Hz. (d) Feedback decoupling at ωe = 50 Hz. (e) Feedback decoupling at
ωe = 100 Hz. (f) Feedback decoupling at ωe = 150 Hz. (g) IMC decoupling at ωe = 50 Hz. (h) IMC
decoupling at ωe = 100 Hz. (i) IMC decoupling at ωe = 150 Hz.
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Figure 13. Simulation results of three-phase currents with delay effects and accurate parameter
estimation. (a) Feedforward decoupling at ωe = 50 Hz. (b) Feedforward decoupling at ωe = 100 Hz.
(c) Feedforward decoupling at ωe = 150 Hz. (d) Feedback decoupling at ωe = 50 Hz. (e) Feedback
decoupling at ωe = 100 Hz. (f) Feedback decoupling at ωe = 150 Hz. (g) IMC decoupling at ωe = 50 Hz.
(h) IMC decoupling at ωe = 100 Hz. (i) IMC decoupling at ωe = 150 Hz.

For feedforward decoupling, the d-axis varies less than that in Figure 8. Still, its
decoupling capability is limited as the speed gets higher. Feedback decoupling exhibits
overshoot that increases with rising rotor speed. IMC decoupling varies the least, which is
in accordance with the theoretical results.

6.2. Experiment

The experimental validation is conducted on a back-to-back test bench, as depicted in
Figure 14. One motor rotates at a specified speed and acts as a load, while the other motor,
which we analyzed before, is given a step command on iq. A rotation matrix is applied in
the current loop to compensate for the angular error caused by time delay. The parameters
used for the experiment are the same as those for simulation, as shown in Table 2.

The experimental results with delay compensation under perfect parameter estimation
are shown in Figures 15 and 16. Since the delay effect may not be completely eliminated,
the experimental images are not exactly the same as the simulation results, particularly for
feedback decoupling, which is highly sensitive to delays.
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Figure 14. Experimental platform.

Figure 15. Experimental results of dq-axis currents with delay compensation when parameter
estimation is accurate. (a) Feedforward decoupling at ωe = 50 Hz. (b) Feedforward decoupling at
ωe = 100 Hz. (c) Feedforward decoupling at ωe = 150 Hz. (d) Feedback decoupling at ωe = 50 Hz.
(e) Feedback decoupling at ωe = 100 Hz. (f) Feedback decoupling at ωe = 150 Hz. (g) IMC decoupling
at ωe = 50 Hz. (h) IMC decoupling at ωe = 100 Hz. (i) IMC decoupling at ωe = 150 Hz.
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Figure 16. Experimental results of three-phase currents with delay compensation when parameter
estimation is accurate. (a) Feedforward decoupling at ωe = 50 Hz. (b) Feedforward decoupling at
ωe = 100 Hz. (c) Feedforward decoupling at ωe = 150 Hz. (d) Feedback decoupling at ωe = 50 Hz.
(e) Feedback decoupling at ωe = 100 Hz. (f) Feedback decoupling at ωe = 150 Hz. (g) IMC decoupling
at ωe = 50 Hz. (h) IMC decoupling at ωe = 100 Hz. (i) IMC decoupling at ωe = 150 Hz.

Figures 17 and 18 show the experimental results when ωe = 100 Hz, L̂dq = 1.5 Ldq.
Compared with results under perfect parameter estimation, the maximum variation of id
due to coupling increases by about 62.1% for feedforward decoupling. This is about 18.9%
for IMC decoupling and about 14.7% for feedback decoupling. The value for feedback
decoupling is close to that for internal model decoupling and much smaller than that for
feedforward decoupling, which is consistent with theoretical and simulation analyses. IMC
decoupling exhibits stronger robustness.

Figure 17. Experimental results of dq-axis currents without delay effects when ωe = 100 Hz,
^
Ldq = 1.5 Ldq. (a) Feedforward decoupling. (b) Feedback decoupling. (c) IMC decoupling.
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Figure 18. Experimental results of three-phase currents without delay effects when ωe = 100 Hz,
^
Ldq = 1.5 Ldq. (a) Feedforward decoupling. (b) Feedback decoupling. (c) IMC decoupling.

Experimental results without compensation of time delay are shown in Figures 19 and 20.
The waveform of feedback decoupling exhibits greater overshoot and coupling due to the
delay effect. Compared with Figure 15, when ωe = 150 Hz, under the feedback decoupling
strategy, the system’s overshoot rate surges from 19.4% to 33.4%, and the overshoot magni-
tude increases by 72.2%. For feedforward decoupling, the system’s overshoot rate increases
by 24.3%, while the maximum variation of id slightly reduces from 1.45 A to 1.39 A. For
IMC decoupling, the system’s overshoot rate only increases by 7.6%, and the maximum
variation of id is still relatively low. A quantitative comparison of experimental results
under three decoupling strategies is shown in Table 3.

Figure 19. Experimental results of dq-axis currents without delay compensation when parameter
estimation is accurate. (a) Feedforward decoupling at ωe = 50 Hz. (b) Feedforward decoupling at
ωe = 100 Hz. (c) Feedforward decoupling at ωe = 150 Hz. (d) Feedback decoupling at ωe = 50 Hz.
(e) Feedback decoupling at ωe = 100 Hz. (f) Feedback decoupling at ωe = 150 Hz. (g) IMC decoupling
at ωe = 50 Hz. (h) IMC decoupling at ωe = 100 Hz. (i) IMC decoupling at ωe = 150 Hz.
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Figure 20. Experimental results of three-phase currents without delay compensation when parameter
estimation is accurate. (a) Feedforward decoupling at ωe = 50 Hz. (b) Feedforward decoupling at
ωe = 100 Hz. (c) Feedforward decoupling at ωe = 150 Hz. (d) Feedback decoupling at ωe = 50 Hz.
(e) Feedback decoupling at ωe = 100 Hz. (f) Feedback decoupling at ωe = 150 Hz. (g) IMC decoupling
at ωe = 50 Hz. (h) IMC decoupling at ωe = 100 Hz. (i) IMC decoupling at ωe = 150 Hz.

Table 3. Quantitative comparison of experimental results under three decoupling strategies.

Decoupling
Strategy

Rotor
Speed (Hz)

Nominal Condition Parameter Mismatch Delay Effect

Overshoot
(%)

id Variation
(A)

Overshoot
(%)

id Variation
(A)

Overshoot
(%)

id Variation
(A)

Feedforward
50

100
150

23.1
24.6
22.6

0.62
0.95
1.45

38.9 1.54
23.0
26.2
28.0

0.64
1.31
1.39

Feedback
50

100
150

17.8 1.39
33.9 2.80

24.3 1.68
18.6 2.45 24.3 2.82
19.4 2.53 33.4 4.41

IMC
50

100
150

21.6 0.35
35.0 0.69

22.5 0.70
20.8 0.58 22.7 0.85
22.1 0.87 23.9 1.22

The results indicate that the coupling degree exhibits a substantial increase in propor-
tion to an increase in rotor speed. This verifies the singular value analysis and simulation
results of the impact of time delay. The superior performance of the IMC strategy, as
observed in the results, can mainly be attributed to its structural advantages. It uses
an internal model in parallel with the controlled system, taking cross-coupling into ac-
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count. Both feedforward decoupling and feedback decoupling consider decoupling as
an anti-disturbance problem of the SISO system. Thus, they can be seen as traditional PI
controllers that independently control each current internally while incorporating external
compensation. For feedforward decoupling, it can achieve complete decoupling when the
current reaches the reference value, so its decoupling effectiveness is related to the tracking
capability. Moreover, the open-loop compensation method determines its high parameter
sensitivity. As for feedback decoupling, it depends on the motor to generate the decoupling
term; thus, it is more sensitive to delay effects. Still, there exist unmodeled dynamics and
physical constraints in the experiments. On top of that, the proposed analysis is based on a
linearized current-loop model of a permanent magnet synchronous motor centered on a
specific operating point and may not fully reflect all nonlinear effects in actual permanent
magnet synchronous motors, which may cause discrepancies.

7. Conclusions
Addressing the problem of evaluating the effectiveness of current decoupling con-

trollers for PMSMs, this paper introduces frequency-domain singular values as a graphical
analysis tool. By plotting singular value curves, system coupling trends and magnitude–
frequency response characteristics of different controllers are analyzed more intuitively. In
the absence of time-delay effects, feedback decoupling and internal model control decou-
pling can fully decouple and are unaffected by rotor speed. However, the impact of digital
delay intensifies with higher rotor speed. Feedback decoupling is highly sensitive to digital
time delay, leading to deterioration in control performance. Feedforward decoupling offers
minor enhancement of decoupling in the context of time delay, but the system continues to
exhibit a substantial degree of coupling, primarily attributable to the high rotor speed. In
contrast, internal model control decoupling has stronger robustness. Subsequent analyses
incorporating the delay effect alongside parameter estimation error would better approxi-
mate real-world conditions, especially at high rotor speed. Simulation and experimental
results have validated the validity and feasibility of this analysis. Although this paper takes
an automotive drive motor scenario as a case study, it can be applied to other linear time-
invariant PMSM systems adopting FOC, which operate around a steady-state operating
point. In practice, systems rarely achieve full compensation; assuming that the permanent
magnet back-EMF disturbance has been fully compensated may exclude a physical source
of coupling from the analysis. It should also be noted that this method cannot evaluate
stability. Therefore, combining it with stability analysis methods will provide a more
comprehensive assessment of the control system’s performance.
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