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Abstract—In this paper, an improved deadbeat predictive
stator flux control (DPSFC) based on disturbance observer is
proposed to address the problems of the steady state tracking
error and robustness decrease due to the detrimental parameter
mismatch and disturbance. Firstly, the sensitivity of conventional
deadbeat predictive current control to the parameter variation,
including flux linkage, stator inductance and resistance, is
analyzed. Then, a reduced-order observer based on additional
disturbance state variables in discrete time is designed to predict
the future stator flux and observe the system disturbance caused
by parameter mismatch. The proposed DPSFC method is able to
enhance the robustness of the drive performance effectively via
applying the estimated disturbance as the feed-forward
compensations of one-step delay and stator voltage. Additionally,
the theoretical proof is given. Finally, the superiority of the
proposed control method is validated by simulations and
experiments on a prototype of an in-wheel permanet magnet
synchronous motor (PMSM) drive.

Index Terms—Deadbeat predictive stator flux control,
permanent magnet synchronous motors (PMSMs), parameter
mismatch, disturbance observer.

I. INTRODUCTION
A. Motivation

ERMANENT magnet synchronous motors (PMSMs)
have been employed in various industrial applications due
to several advantages like high-power density, high efficiency,
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compact structure and fast dynamic response. However, the
performance of PMSMs will deteriorate when the irreversible
demagnetization resulted from the violent vibration, ultra-high
temperature (for NdFeB permanent magnet), or ultra-low
temperature (for ferrite permanent magnet) exists [1]-[6].
Different from internal-rotor PMSMs, the in-wheel PMSMs
with external rotors integrate the drive, transmission and
braking devices into the hub and can avoid the use of a series of
mechanical parts such as clutch and transmission [7]-[10]. The
in-wheel PMSMs are also easier to achieve braking energy
recovery, and hence occupy an important position in the
development of automotive energy-saving technology.
However, the control system of the in-wheel PMSMs is
nonlinear, strongly coupled and multivariable. The control
method is of crucial importance to system performance. Based
on the typical double-loop structure, the outer loop is to
regulate rotor speed, whereas the inner loop is to control stator
current, tracking the reference current. In order to obtain high
precision and fast dynamic response, many control methods
have been introduced in the inner loop, such as hysteresis
control [11], sliding mode control [12] and predictive control
[13]-[17].

The hysteresis control is a simple control method with good
robustness. It can speed up the dynamic adjustment and
suppress the disturbance in the loop, which is not much
dependent on the parameters of the motor. However, the
variable switching frequency of the inverter will lead to a large
pulsation of the output current and huge noise inside the motor
[18]. The fuzzy control is applicable to nonlinear systems and
does not depend on the precise mathematical model of the
controlled object. However, when the nonlinearity and
uncertainty of the system are serious, the control performance
will deteriorate [19]. Among these control schemes, the
predictive control method has received considerable attention
in recent years due to several merits such as simple
implementation, great steady-state and dynamic performance.

B. Related Research

The conventional model predictive control (MPC) finds the
optimal voltage vector which minimizes the cost function [17].
Model predictive current control (MPCC) and model predictive



torque control (MPTC) are popular among MPC methods
[20]-[23]. Due to the existence of deviation between the
optimal voltage vector and reference voltage vector, the static
characteristic of the system and switching frequency will be
affected. In [24], an improved MPCC method based on
incremental model was proposed to improve the
anti-disturbance capability of the system, but it results in a
heavy computation. In order to deal with high computation
burden in MPC, a new MPC method based on deadbeat control
was proposed [25]-[28].

In contrast to the MPC method, the deadbeat predictive
control (DPC) method calculates the voltage reference during
every sampling period and translates it into a switching signal
through pulse width modulation (PWM) technology. Therefore,
the DPC method has the potential of faster dynamic response,
better tracking performance and less computational effort.
Nowadays, DPC methods have been adopted for the inner loop
in many industrial areas. However, the performance of DPC
method relies on precise models. In practice, magnetic flux
linkage changes with rotor permanent magnet temperature, and
the magnetic flux density in the stator iron core changes as well.
This magnetic flux density in the stator iron core changes the
permeability of the magnetic flux path, and hence it also
changes
inductances [29]. When the motor parameters mismatch due to
the temperature rise, magnet demagnetization and other faults,
the robustness of the control will decrease especially for the
in-wheel PMSM whose heat dissipation performance in the
narrow hub is poor. Moreover, the one-step delay in digital
control like sampling delay is not avoidable, which will also
deteriorate the control performance. In order to address these
problems, some methods have been proposed [30]-[33].

In [30], an improved deadbeat predictive current control
(DPCC) method with parameter identification was proposed.
The zero steady-state current error is eliminated, and the ideal
dynamic current response could be achieved. The effectiveness
can be guaranteed at both low- and high-frequency by
establishing a fully-discretized model. The expected voltage
resulted from parameter mismatch and current error in
conventional DPCC will amplify the torque ripple and speed
fluctuation. In [31], an accurate PMSM model with aperiodic
and periodic disturbances was established, and a novel current
and disturbance observer was proposed. In [32], in order to
promote the control performance, a unified high-order sliding
mode observer was designed for the DPCC method. Both
parameters and external disturbances in the speed and current
loops can be estimated by the sliding mode observer and
feedbacked to the DPCC method. In this way, the speed
robustness and current tracking accuracy can be improved. In
general, the sensitivities to disturbances and delays will be
increased at low switching frequency due to long delays and
larger errors in the discretization of the model. A novel DPCC
method in of-axis with a moving horizon estimator was
investigated in [33]. The back electromotive force (EMF) and
parameter variations are estimated by the moving horizon
estimator and are considered as compensations. As a result, the
robustness of the system at low switching frequency can be

increased significantly.
C. Contributions

The permanent magnet flux linkage and inductance may
change due to temperature rise and magnet saturation,
especially under high-temperature operation conditions. In
view of the fact that the traditional DPCC method relies on
precise models and is very sensitivie to parameter perturbations,
the challenges of the traditional DPCC method is how to
suppress the disturbance caused by the parameter perturbations.
To overcome the aforementioned drawbacks in the traditional
DPCC, in this paper, an improved deadbeat predictive stator
flux control (DPSFC) method is developed to improve the
performance of PMSM drives when parameter perturbations
and one-step delay exist in digital control. Furthermore, the
proposed DPSFC method is able to enhance the robustness of
the drive performance effectively via the compensations of
one-step delay and stator voltage.

The main contributions of the proposed scheme can be listed
as:

1) The improved DPSFC method can retain the fast

dynamic response of the conventional DPCC.

2) A reduced-order observer based on state flux state is
designed in discrete time to observe the system
disturbance caused by parameter mismatch. Applying
the estimated disturbance as the feed-forward
compensations for stator voltage, the tracking error
between the actual response and its reference can be
narrowed effectively.

3) The proposed DPSFC method based on the state space
structure reduces the calculation burden of the nonlinear
system.

4) One-step delay compensation is also considered in the
DPSFC design to improve the control accuracy, which is
ignored by the traditional DPCC scheme.

D. Paper Organization

The rest of this paper is organized as follows. A nonlinear
PMSM model considering parameter mismatch is developed in
Section II. The influence of model parameter mismatch on
conventional DPCC is analyzed in Section III. The DPSFC
method with disturbance observer is proposed in Section IV.
The simulation and experiment results are provided in Sections
V and VI, respectively, followed by the conclusion.

II. MATHEMATICAL MODEL OF PMSMs

For surface-mounted permanent magnet synchronous motor
(SPMSM), stator inductance Ls~=L,=L,. Under the synchronous
rotating coordinate d-g, the stator voltage equation of the
PMSMs can be described as

i
w,=Ri +L, %— oL,
(1)

di
_ . q .
u,=Ri +L m +to,Li, +oy,

The flux linkage equation is
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where uq, ug, ia, and iy are the d- and g-axis components of the
stator voltage, and current in the d-g reference frame,
respectively. R, and y, are the stator resistance and the
magnetic flux of the SPMSM, respectively. w. is the electrical
angular speed of the rotor.

According to (1) and (2), the augmented state equation of
PMSM considering disturbance can be transformed to (3),
where fzand f; denote the disturbances caused by the parameter
variations in the d-axis and g-axis, respectively.
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The mechanical equation of motion of the motor can be

expressed as
do, :l(n -7, —Va)m)
da J

)

3.
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where @, is the mechanical angular speed of the rotor, p, the
number of pole pairs, v the viscous friction coefficient, and J
the overall rotor inertia. 7, and 77 are the electromagnetic
torque and the mechanical torque, respectively.

III. PARAMETER SENSITIVITY ANALY SIS ON CONVENTIONAL
DEADBEAT PREDICTIVE CURRENT CONTROL

The conventional DPCC is a discrete model control
algorithm based on the specific model. The control
performance is closely associated with the parameter
mismatches, including stator inductance L, stator resistance R;
and permanent magnetic flux linkage y,because of temperature
or other external factors. In order to evaluate the relationship
between parameter mismatch and DPCC, the parameter
sensitivity to conventional DPCC is focused in this section. Fig.
1 illustrates a control diagram for the conventional DPCC
method.
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Fig. 1. Diagram of the conventional DPCC.

According to (1), the discrete current predictive model of
in-wheel PMSMs with parameter disturbance can be described
as follows.
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In conventional DPCC method, the output voltage of the
predictive controller at the k7 moment can be obtained as
follows [34]:

u, (k)| ]| (k1) iy (k)

where i/9(k+1) and i,;/(k+1) are the reference currents.
According to (5), (6) can be expressed as
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where R =R +VR » L =L+AL, ¥, =y, +Ay,, AR,

ALyand /WbAyyare the variations of resistance, inductance and
permanent magnet flux linkage from their true values.

At the (k+1)T; moment, the voltage vector at the sampling
period k is applied due to the sampling delay. Substituting (7)

into (2) yields
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Fig. 2. d- and g-axis current errors under inductance and resistance mismatch
(error range: £50%): (a) d-axis current error, and (b) g-axis current error.
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Fig. 3. d- and g-axis current errors under inductance and permanent magnet flux
mismatch (error range: +50%): (a) d-axis current error, and (b) g-axis current
error.
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From (8), there exists a current error between the current
response iq(k+1), ig(k+1) and the current reference vector
i (k+1), i;9(k+1) subjected to model parameter mismatch
(stator inductance, stator resistance and flux linkage of
permanent magnets). The current error can be expressed as
follows.
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Table I lists some main parameters for the investigated
in-wheel PMSM. When parameter perturbations occur, the d-
and g¢- axis current errors can be plotted, as shown in Figs. 2&3.
The error ranges of these three parameters are set to be +50% of
the original values. Fig. 2 indicates the current errors of d-and
g-axis with induction and resistance mismatches. The current
errors of both d-and g-axis resulted from resistance
perturbation can be neglected. Furthermore, the inductance
mismatch has a significant impact on current errors. Fig. 3
shows the current errors of d-and g-axis under inductance and
permanent magnet flux linkage errors. The permanent magnet
flux linkage mismatch has no influence on d-axis current while
it does affect the g-axis current, which also can be seen from

9).

TABLEI
MAIN PARAMETERS OF AN IN-WHEEL PMSM

Parameter Symbol  Value

No. of pole pairs P 22

Stator resistance R 0.8Q
d-axis inductance Ly 4.5 mH
g-axis inductance Ly 4.5 mH
Permanent-magnet flux linkage Wy 0.215Wb
Inertia J 0.03 kgm?
Rated speed N 360 rpm
Rated power Py 30 kW

Through the above analysis, it can be concluded that the

conventional DPCC is very sensitive to inductance and flux
linkage, while the influence of stator resistance can be
neglected. In order to overcome the negative influence of
model parameter mismatches, a DPSFC with disturbance
observer is proposed.

IV. DPSFC wiTH DISTURBANCE OBSERVER

When the inductance mismatch and permanent magnet
demagnetization occur, the control performance will
deteriorate unless the corresponding compensation method is
applied to suppress it. Meanwhile, the existence of one-step
delay will degrade the control performance in the digital control
system if this problem is not taken into account in the design.
This section presents an improved DPSFC with disturbance
observer against these two factors. First, a disturbance observer
is proposed in subsection A. The stability analysis of the
proposed disturbance observer is shown in subsection B. Using
the observer, the future value of stator flux can be predicted,
and the system disturbance caused by parameter mismatch can
be tracked simultaneously. Then, the DPSFC control method
based on the disturbance observer is proposed and its
effectiveness in theory is analyzed in subsection C.

A. The Proposed Disturbance Observer

In order to estimate the disturbance caused by parameter
mismatch, a reduced-order observer is adopted, in which the
feedback of disturbance is utilized to compensate voltage, as
illustrated in Fig. 4. According to (1) and (2), the augmented
state equation of in-wheel PMSMs considering the disturbance
caused by param?ter mismatch can be transformed to

dya®) _ —f—"wd k) + o, (kw, (k) 1, (k) +u, (k)+flu5_f

r
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Fig. 4. Diagram of the proposed disturbance observer.

Since the disturbance fi, f; cannot be obtained in the
conventional DPCC scheme, fd and f; can be regarded as

additional state variables. Applying that f¢=0 and fg=0, f;‘ =0
and fg‘ =0, the augmented state equation can be described as

follows.

&0 [4 4 u®)] 5 D,
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where xi(k)=[ wa(k). w17, x:0)=lfuk). f;001, Ai=[-R, /L, ,
odk); -0dk), - R /L 1A1=[-1, 0; 0, -1], A2i= A4:-[0, 0; 0, 0],
Bi=[1, 0; 0, 11, B~[0, 0; 0, 0], C=[L, 0], D=[ R, v, /L; O],

D»=[0; 0]
According to (11) and (12), the two subsystems can be
expressed as follows.

B(k) = 4,y (k) + Ay, (k) + Bu(k)+ D,
8 (k) = Ay, (K)+ Ay y (k) + By (k)

— A, (K)+[ 4, BABE’éﬂ

Equation group (14) can be obtained as follows based on the
definition (15).
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Since B’, u’(k) and y (k) in (15) are available, the system
based on (14) is completely observable and all the subsystems
are also observable. Therefore, to estimate state variable x2(k), a
reduced-order observer can be designed as (16), where XK is an
observer gain matrix which can assign the poles of the matrix
(A2-KA)>).

& (k)= (4, KA, (K)+ Ky (k) +Bw' (k) (16)

B.  Stability Analysis of the Disturbance Observer
The error is chosen as e(k)=x,(k)—%,(k), and the error

dynamics of the observer can be described as
é(k)z(Azz_KAlz)e(k) (17)
According to the classical control theory, some main
performance indexes of the closed-loop system are basically
determined by the position of the system poles on the complex
plane. It is desirable that the estimated state should follow the
actual state closely with a good dynamic response (the error is
zero). Meanwhile, the system poles are assigned by the gain
matrix K to ensure the eigenvalues of (A42,-KA;2) to have
negative real parts. Therefore, the choice of an appropriate gain

matrix K is of great significance. The eigenvalues of the matrix
(A22-KA)») is as follows:

det|sI —(4y, - KA,)|=s" (K, + K,)s + KK, ~K,K; =0
(18)

From the classical control theory, the second-order

characteristics equation is given as
A=s’+2lw,s+ @ =0

The observer poles can be easily obtained.

(19)
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Hence, the eigenvalues of the matrix (42,-KA4;2) can be
suitably assigned in the left half of s-plane so that the estimated
state approaches the actual state asymptotically.

The implementation of the observer in (16) requires the
differentiator for the derivative of y(k), which is unacceptable
as it amplifies the noise due to quantization and measurement.
Considering that differentiators are difficult to implement and
the approximate differentiators may cause high-frequency
interference, the elimination method is adopted in practice.
Substituting (15) back into (16) yields

igz‘(k)_K}g(k) = (4, —K4,)X, (k)+ (4, _KAU))/(k)
+(B, —KB,)u(k)—KD,
Regarding §2‘ (k)—K)S(k) as a whole in (22), the derivative

of y(k) is eliminated. Then, in terms of this state, the
disturbance observer is described as (23):

(20)

21)
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The estimated state can be obtained from the dummy state
variable Z(k), as follows
%, (k)=Z(k)+Ky(k) (24)
To obtain the stability and convergence of the observer, the
value of the observer gain matrix K=[k1,k2;ks,k4]" is obtained as
follows: K| =-400, K> =400, K3 =-400, and K4 =-400. As shown
in Fig. 5 with the zoomed-in estimated disturbance plots, when
there exists no parameter mismatch, the estimated disturbance
is steady at O0V; when parameter mismatch occurs at 0.1 s, the
disturbance observer generates an observed value of -40 V for
compensation which demonstrates a fast convergence and
stability.
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Fig. 5. The d- and g-axes disturbances estimated by the disturbance observer
under parameter mismatch: AL;=-0.5L;

C. DPSFC Method with Disturbance Observer
The form of formula (11) can be simplified as (25) when the
disturbance cannot be obtained in the conventional DPCC
method:
B= Ax+Bu+D (25)
Fig. 6. shows the conventional DPCC diagram and its
simplification in the discrete domain. The system transfer
function can be derived as
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where Gi(2)=(I+AT,)?, Gxz)=(I+ AT (zI+I+AT (BT,) 'z,
G3(2)=BT,[zI-(IFAT)] ™.

The conventional DPCC can obtain the fast dynamic
response due to the two-sample deadbeat control. However, the
disturbance f must be considered when the inevitable parameter
mismatches occur in practice. The error transfer function is as
follows:

G(z)= (26)

_e2) G2
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Fig. 6. Diagram of the conventional DPCC and its simplification form in the
discrete domain.

Provided that the disturbance is a step-function signal, the
steady state error caused by the disturbance based on the
final-value theorem can be expressed as

zl -1 2BT
G =
0@ =

Formula (28) indicates the unavoidable error in the
conventional DPCC when the disturbance caused by the
parameter mismatches exists.

e(o)= lirrll (28)

e(k) u(k) k

e o e
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Fig. 7. Diagram of the proposed DPSFC with disturbance observer in the
discrete domain.

According to (3) and (9), the discrete deadbeat predictive
model of PMSM under parameter mismatch can be expressed

as follows Co
{w(k)} R/L-YT, o,k {mm}
u, (k) o) R/L-yT | ¥,®)

v, (k)T o |TLnw

There always exists inevitable time delay in a discrete
system including signal sampling delay, computation delay,
execution delay, duty cycle refreshing delay or some other

r r r
_{l//d (k+1)/TS}_{—RX .,,,f/Ls}{fd (k)}

factors. When the calculated voltages are operated in control,
the actual rotor position has rotated by an angle due to the time
delay. This leads to the inaccurate steady-state current tracking
and instability of the control system. In order to compensate for
the one-step delay, uqs(k+1) and uy(k+1) should be calculated by
obtaining predictive flux values y (k+1) and w,(k+1) at the k-th
moment. In other words, replacing wa(k), y,(k) with predictive
stator flux y.(k+1), w,(k+1) can reduce the influence on control
performance. Since the electromagnetic time constant is much
smaller than the mechanical time constant in the motor system,
the rotor speed can be considered as constant during one
sampling period, we(k)=w.(k+1); setting w7 (k) =y, (k+2),

(29) can be modified into (30), where ‘" denotes predictive

values.
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According to Fig. 7, the error transfer function is as follows:
-1
G- 0O G e
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The steady state error of the proposed DPSFC method with
disturbance observer can be expressed as
L6 @/ @1-0 6
Fig. 8 shows a block diagram of the DPSFC with disturbance
observer. The predicted stator flux from the disturbance
observer is applied to compensate for the one-step delay caused
by the digital controller. The estimated disturbance is regarded
as a feedforward to make up for the voltage reference
calculated by DPSFC controller. Based on the formula (32), the
proposed scheme can eliminate the error theoretically. The
robustness of the system can be improved by applying
compensations of the disturbance caused by the parameter
mismatch and the one-step delay.
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Fig. 8. Block diagram of the DPSFC with disturbance observer method.

V. SIMULATION RESULTS AND ANALYSIS

To validate the system performance with the proposed
DPSFC approach, simulations of the conventional DPCC
method and the DPSFC method have been conducted in
MATLAB/Simulink, while the /=0 control strategy is adopted.
The parameters of the in-wheel PMSMs used in the simulation
are listed in Table I. The proposed disturbance observer
parameters are K; =-400, K, =400, K3 =-400, and K4 = -400.

The simulation results of the conventional DPCC and the



proposed DPSFC schemes are shown in Figs. 9-14. In the
simulation, the control performance of the two control methods
has been compared at 360 rpm and 400 rpm with a torque of 25
Nm. For each situation under DPCC method, the flux linkage
and flux linkage reference of g-axis are given. The red line
represents the flux linkage, and the purple line represents its
reference. For each situation under DPSFC method, two curves
are given. They are, from top to bottom, the flux linkage and
flux linkage reference of g-axis, and the estimated disturbance
of d-axis and g-axis, respectively. The comparison reults which
show the specific values of the flux linkage response error rate
and the estimated disturbance under all conditions in the
simulations have been listed in Table II.
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Fig. 9. Flux linkage responses of the conventional DPCC with inductance
mismatches: (a) 360rpm and 25Nm, and (b) 400rpm and 25Nm.
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Fig.10. Flux linkage responses and the estimated disturbances of the proposed
DPSFC with inductance mismatches: (a) 360rpm and 25Nm, and (b) 400rpm
and 25Nm.

The flux linkage responses under inductance mismatches and
the zoomed-in flux linkage response error plots are depicted in
the Figs. 9 and 10. From 0.1 s to 0.2 s, the inductance value is
half of its initial value, and the inductance value is twice its
initial value from 0.3 s to 0.4 s (0.5Ly—L,—2L,). Figs. 11 and
12 show the flux linkage responses under permanent magnet
flux mismatches and their zoomed-in flux linkage response
error plots. The permanent magnet flux value is half of its initial
value from 0.1 s to 0.2 s, and twice its initial value from 0.3 s to
0.4 s (0.5yr —yr—2yy). As shown, the proposed DPSFC shows
a better performance than the conventional method. The actual
flux linkage value of g-axis of DPCC cannot track its reference
accurately when the inductance mismatches or the permanent
magnetic flux mismatches occur. In addition, the tracking error
increases with respect to speed. The disturbances of d- and
g-axes caused by inductance mismatches or the permanent
magnetic flux mismatches, estimated from disturbance
observer and feedbacked to DPSFC, are depicted in Figs.10 and
12.
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Fig. 11. Flux linkage responses of the conventional DPCC with permanent
magnet flux mismatches: (a) 360rpm and 25Nm, and (b) 400rpm and 25Nm.
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Fig. 12. Flux linkage responses and the estimated disturbances of the proposed
DPSFC with permanent magnet flux mismatches: (a) 360rpm and 25Nm, and
(b) 400rpm and 25Nm.

It can be found in Fig.10 that the positive g-axis
compensation voltage is generated from 0.3 s to 0.4 s because
the flux linkage value of g-axis is smaller than the reference
flux value. Consequently, the error between the actual value of
flux linkage and its reference is reduced. Meanwhile, a larger
disturbance of g-axis is produced at 400 rpm, to be specific, -78
V at 400 rpm and -40 V at 360 rpm whenAL;=-0.5L,, 190 V at
400 rpm and 100 V at 360 rpm when AL;=L,, which can also
indicate that the error increases with respect to speed. In the
simulations, the i;=0 control strategy is adopted so that there
exists little effect on the d-axis flux linkages.

It can be observed in Fig. 12 that the negative g-axis
compensation voltage is generated from 0.3 s to 0.4 s because
the flux linkage value of g-axis is bigger than the value of
reference flux. Meanwhile, a larger disturbance of g-axis is
produced at 400rpm, to be specific, 60 V at 400 rpm and 45 V at
360 rpm whenAyy=-0.5yy, -115 V at 400 rpm and -80 V at 360
rpm whenAyy =y5; which can also indicate that the error
increases with speed. As a result, the error between the actual
value of flux linkage and its reference is narrowed.

Figs. 13 and 14 illustrate the flux linkage responses and the
zoomed-in flux linkage response error plots under inductance
and permanent magnet flux mismatches. The combined
parameter mismatches changed in the span from 0.1s to 0.5s as:
0.5L+0.5wp—2L40.59—2LA2y—0.5L+2y. As shown, the
proposed DPSFC method can offer better performance in terms
of tracking the reference flux linkage. The actual flux linkage
value of g-axis of DPCC cannot track its reference accurately
when the inductance and permanent magnet flux mismatches
occur. In addition, the tracking error also increases with speed
which can be found through disturbance curves. A larger
disturbance of g-axis is produced at 400 rpm, which can also



indicate that the error increases with speed. The disturbances of
d- and g-axes caused by the inductance and permanent
magnetic flux mismatches estimated by disturbance observer,
feedbacked to DPSFC, are utilized to compensate the voltage
resulting in a reduced error between the actual value of flux
linkage and its reference.
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Fig. 13. Flux linkage responses of the conventional DPCC with inductance and
permanent magnet flux mismatches: (a) 360rpm and 25Nm, and (b) 400rpm
and 25Nm.
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Fig. 14. Flux linkage responses and the estimated disturbances of the proposed
DPSFC with inductance and permanent magnet flux mismatches: (a) 360rpm
and 25Nm, and (b) 400rpm and 25Nm.

TABLEII
COMPARISON RESULTS IN SSIMULATION
DPCC Proposed DPSFC
rrfl’flsrréri;fczt;:;s Fl;l;( linkage | Flux linkage Estimated
sponse response disturbance
error rate error rate
AL,=-0.5L, 2.05% 1.2% 40V
AL,=L, 3.06% 0.9% 100V
Ay;=-0.5y, 2% 1.24% 45V
Ayr=y; 2.63% 0.6% 80V
AL,=-0.5L+
b b 0, 0,
360rpm Apy=0.5p; 2.5% 1.25% 4v
+25N =L,
m AL =Lt 3.6% 121% 191V
Ay =-0.5y;
AL =Lt 1.61% 0.6% 12v
Ayr=yy
AL =-0.5Ls+ 2.97% 1.2% 81V
Ayr=yy
AL,=-0.5L, 2.22% 1.25% 78V
AL,=L, 5.1% 1.24% 190V
Ay;=-0.5y, 2.35% 1.24% 60V
Ayr=y; 2.98% 0.63% 115V
400rpm AL;=-0.5Ls+ o o
+95Nm Apy=05p, 2.91% 1.62% RAY
AL,=L¢t ) .
Apr—0.5, 4.13% 1.51% 215V
=Lt
AAL‘,; fw 2.61% 0.63% 34V
'~ Yr
(=~ +
ALAW O;if‘ 3.12% 1.23% -89V
'~ Yr

VI. EXPERIMENT RESULTS

Fig. 15 shows the experimental setup and the scheme of the
hardware implementation. The test bench consists of an
in-wheel PMSM, a torque sensor, and a magnetic powder brake.
The system parameters are the same as those listed in Table I.
The proposed control scheme is experimentally implemented in
a dSPACE 1401 test bench. The experimental measurements
are exported from the dSPACE platform for analysis. The
in-wheel PMSM model in the host computer is turned into C
code automatically in dSPACE 1401. Then, 0-1 digital signals
from dSPACE are sent into signal conditioning board.
Subsequently, the PWM waves generated from the signal
conditioning board can control the switch of the IGBT. Finally,
the three phase currents are outputted to control the in-wheel
PMSM. Meanwhile, the current and position signals are fed
back to dSPACE to realize the closed loop control. Since the
rated parameter could not be changed randomly in the
experiments, the parameter variation was realized in the
DPSFC controller (dASPACE1401).

In-wheel
PMSM

1 Signals i

"
I
Siamal I Digital | [aspace I
81 | 4 Signals, | (DPSFC Host ||
control computer |
board | } method) |
I
__ _Hardware_j | _ Controller___j

Fig. 15. (a) Experimental platform of the PMSM system (A: dSPACE,
B:Inverter, C: in-wheel PMSM, D: Torque sensor, E: Magnetic powder brake,
and F: Host computer), and (b) the scheme of the hardware implementation.

Similar to the simulations, the experimental results of the
conventional DPCC and the proposed DPSFC schemes are
shown in Figs. 16-21. In the experiment, the control
performances of the two control methods have been compared
at 360 rpm and 400 rpm with a torque of 25 Nm. For each
situation under DPCC method, flux linkage and flux linkage
reference of g-axis are given. The purple line represents the flux
linkage and the blue line represents its reference. For each
situation under DPSFC method, two curves are given. They are,
from top to bottom, the g-axis flux linkage response and its
reference (the purple line represents the flux linkage and the
blue line represents its reference), the estimated disturbance of
d-axis and g-axis (The purple line represents d-axis disturbance
and the blue line represents g-axis disturbance), respectively.

The flux linkage responses under inductance mismatches
(0.5L—L—2Ly) and the zoomed-in flux linkage response error



plots are given in Figs. 16 and 17. The flux linkage responses
under permanent magnetic flux mismatches (0.5y—y—2y))
are shown in Figs. 18 and 19, as well as the zoomed-in flux
linkage response error plots. The flux linkage responses under
the combined inductance and permanent magnet flux parameter
mismatches  (0.5Ls+0.5y—2L+0.5w—2LA2yr—0.5L+2y)
and their zoomed-in error plots are shown in Figs. 20 and 21.
As shown, the proposed DPSFC has better performance than
the conventional method. The actual flux linkage value of
g-axis of DPCC cannot track its reference accurately when the
inductance mismatches occur. Similar to the simulation results,
it can be found that a larger disturbance of g-axis is produced at
400 rpm than at 360 rpm, which also indicates that the tracking
error increases with speed. The estimated disturbance is used to
compensate for the voltage. That is, the error between the actual
value of flux linkage and its reference is reduced due to the
compensated voltage. The comparison reults which show the
specific values of the flux linkage response error rate and the
estimated disturbance under all conditions in the experiments
have been listed in Table III.

ﬂ.ﬂlwb?‘ 0.01Wh
= riv. E iy

Error plots:
0.001Wb/div

H e CER R Haw B

Error plots:
0.001Wb/div

B

(2) (b)
Fig. 16. Flux linkage responses of the conventional DPCC with inductance
mismatches: (a) 360rpm and 25Nm, and (b) 400rpm and 25Nm.
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Fig. 17. Flux linkage responses and the estimated disturbances of the proposed
DPSFC with inductance mismatches: (a) 360rpm and 25Nm, and (b) 400rpm
and 25Nm.
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Fig. 18. Flux linkage responses of the conventional DPCC with permanent
magnet flux mismatches: (a) 360rpm and 25Nm, and (b) 400rpm and 25Nm.
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Fig. 19. Flux linkage responses and the estimated disturbances of the proposed
DPSFC with permanent magnet flux mismatches: (a) 360rpm and 25Nm, and
(b) 400rpm and 25Nm.
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Fig. 20. Flux linkage responses of the conventional DPCC with inductance and
permanent magnet flux mismatches: (a) 360rpm and 25Nm, and (b) 400rpm
and 25Nm.
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Fig. 21. Flux linkage responses and the estimated disturbances of the proposed
DPSFC with inductance and permanent magnet flux mismatches: (a) 360rpm
and 25Nm, and (b) 400rpm and 25Nm.

TABLEIII
COMPARISON RESULTS IN EXPERIMENTS
DPCC Proposed DPSFC
P - -
‘arameter Flux linkage | Flux linkage Estimated
mismatches response response .
disturbance
error rate error rate
AL,=-0.5L 2.35% 1.21% -45V
AL,=L; 3.56% 0.91% 105V
Ayy=-0.5y 2.94% 1.24% 45V
= 0 0 R
360rpm ALAK/'/O 15//2 . 2.71% 0.6% 87V
+25Nm T 2.57% 1.73% 5V
Ay =-0.5y;
AL,=Ls+ o o
Ay =05y, 3.15% 1.68% 196V
AL;=Ls+ 1.72% 0.6% 17V




Ayr=yy
,=-0.5L+
ALAV,O,i,L‘ 3.12% 2.1% 85V
'~ Yr
AL;=-0.5L, 3.13% 125% T
AL,=L, 5.07% 1.25% 188V
Ayr=-0.5yy 2.56% 1.29% 50V
Ayr=yy 3.07% 0.63% 126V
AL,=-0.5L+ . :
400rpm Ay =05y, 3.61% 3.52% 6V
+25N —7.
" AL =Lt 4.96% 2.19% 21V
Ayy=-0.5y,
=Lt
AAL,/“, ,LV, 2.83% 0.73% 58V
'~ Yr
; =~ o+
ALAWOQi,L‘\ 3.22% 2.23% 93V
' —Yr
VII. CONCLUSION

In this paper, an improved DPSFC method with disturbance
observer has been proposed for in-wheel PMSM drives under
low-speed condition. The influence of parameter mismatch on
the conventional DPCC has been analyzed in detail. Since the
DPCC is a model-based control strategy, the control
performance will deteriorate when parameter mismatch exists
due to the temperature rise, magnet demagnetization and other
faults, especially for the in-wheel PMSM whose heat
dissipation performance is not good. To address the problem, a
disturbance observer was designed to predict the stator flux
linkage in the next period and estimate the disturbance caused
by parameter mismatch simultaneously. The predicted stator
flux linkage of the next period is used to replace the current flux
to compensate for the one-step delay in digital control, and the
estimated disturbance is to compensate for the output voltage in
the DPSFC method. The proposed DPSFC method can
effectively improve the robustness against parameter mismatch
and the tracking errors, which has been proved theoretically
and also has been verified by simulation and experimental
results. The compromise between less calculation burden and
better control performance will be considered in the future.
Meanwhile, the sensorless control strategy applied in the DPCC
will be further studied.
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