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ABSTRACT The steady-state error and torque ripple caused by the mismatch or variation of parameters in
the deadbeat predictive current control of permanent magnet synchronous motor are presented in this paper.
An improved adaptive deadbeat current predictive model only related to inductance parameters is proposed.
The influence of inductance variation on the system stability margin is quantitatively analyzed. When the
variation is less than 50%, the system performance can be improved obviously. When the variation reaches
50%, the system will oscillate and cannot operate stably. The feed forward control strategy is introduced
to improve the stability margin of the system, and the inductance disturbance of the system oscillation is
expanded to 67%. Simulations and experiments are carried out for traditional deadbeat current predictive
model, adaptive deadbeat predictive model, and adaptive model with feed forward control. Results show
that under various working conditions, the effectiveness of the proposed method in eliminating the steady-
state error caused by parameter disturbances is verified. The current distortion and torque ripple are also
restrained. Both robustness and steady-state performance of the system are improved.

INDEX TERMS Permanent magnet synchronous motor (PMSM), stability margin, deadbeat predictive

current control (DPCC), parameter mismatch, feed forward control, steady-state performance.

I. INTRODUCTION
Permanent magnet synchronous motor (PMSM) has been
widely used in the military industry and national defense for
advantages of small volume and high efficiency. PI control
is widely used among various control algorithms in vector
control systems, which is easy to realize but limited by large
overshoot and difficulty in precise adjustment of parameters.
Based on rigorous mathematical derivation, model predic-
tive control (MPC) can achieve minor steady-state response
error and flexible control of multiple variables [1]-[3]. The
traditional finite control set MPC uses a cost function to
uniquely determine the output voltage vector by predicting
the current in variable switching states. The accuracy of the
control system depends on the complexity of cost function.
When this method is applied to the control system, prob-
lems such as large stator current distortion and complicated
calculation will be caused. In [4], from the perspective of
duty cycle modulation, a low-complexity MPC was pre-
sented. The computation burden and execution time were
both reduced, excellent steady-state performance and quick
dynamic response were also achieved. Aiming at the large
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torque ripple and current distortion rate in MPC, a brand-new
compensation technique based on dual sampling within a
control period was proposed. The novel delay compensation
scheme was composed of two sequential procedures. The
torque ripple was decreased by 8% after compensation [5].

The dynamic performance of traditional finite control
set MPC is inferior because of unfixed control frequency.
Deadbeat predictive current control (DPCC) is combined
with SVPWM modulation technology, with a fixed control
frequency, good current dynamic performance, and small
current ripple, which has been adopted in many industrial
fields [6], [7]. However, the control accuracy of deadbeat
predictive current control depends on the mathematical model
of PMSM. Response error will be caused when machine
parameter deviations from nominal ones or lack of knowledge
of their values [8]. Aiming at the problem caused by unknown
parameters, finite element analysis could be used to derive
the initial values of dqg-axis inductances. The flux linkage of
the motor was calculated based on the back EMF [9]. This
method could effectively avoid the parameter mismatch by
measuring the nominal values of the motor accurately.

The parameters will also change due to the magnetic satu-
ration and cross-coupling during the operation of the motor.
Aiming at the disturbance caused by parameter changes,
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in [10], an accurate deadbeat control method was proposed
based on the exact model of PMSM in a stationary two-phase
frame with a moving horizon estimator. The control algorithm
was simplified, and the sensitivity of the system to the param-
eters was reduced. In [11], the complex magnetic phenom-
ena have been considered. A methodology based on finite
element methods was suggested to incorporate the direct
and cross-saturation effects into the deadbeat control rou-
tine. The deadbeat controller performed satisfactorily under
steady-state and transient conditions. In [12], a deadbeat PI
controller was proposed by modifying the feed forward. With
the modified feed forward, the dynamic performance and har-
monic suppression ability of the system can be ensured when
faced with parameter mismatch. The disturbance overshoot
was reduced by 20% compared with the conventional method.
In [13]-[19], the disturbance observers were designed in
DPCC to eliminate the steady-state error of current and a
lower computation burden was achieved. In [20], instead
of using observer-based disturbance voltage feed forward
methods, a new closed-form strategy was proposed to directly
compensate the current tracking errors with a simple feed
forward term, whose computation is negligible compared
to the observer-based methods. In [21]-[23], the parameter
identification algorithms were introduced into the DPCC.
The identified parameters were brought into the predictive
model in real time, trying to fundamentally eliminate the
error. However, the complexity of algorithms was greatly
increased, and the convergence of the algorithms also took
a certain amount of time, making it impossible to eliminate
errors in real time.

In this paper, an improved deadbeat predictive current
control strategy is designed for surface-mounted permanent
magnet synchronous motor (SPMSM) to solve the problems
of control accuracy degradation and steady-state error when
there is parameter mismatch in the traditional DPCC algo-
rithm. Different from the previous strategy, which proposed
a new active disturbance rejection scheme with a second-
order variable speed sliding mode observer to eliminate the
steady-state error [24], this paper takes the optimization of
predictive algorithm as the breakthrough point for SPMSM.
An adaptive DPCC model is proposed, which greatly reduces
the complexity of the system and further improves the con-
trol effect. The resistance voltage drop, back electromotive
force, and voltage error caused by parameter disturbance are
all regarded as disturbance terms and then predicted in the
proposed algorithm. The steady-state error of current caused
by parameter disturbance, especially inductance mismatch,
is eliminated completely. The improved adaptive predictive
algorithm eliminates the influence of resistance and flux link-
age disturbance, and the control performance is only related
to inductance. When the inductance mismatch is less than
50%, the performance of the system is improved obviously.
When the mismatch reaches 50%, the system oscillates vio-
lently and cannot meet the accuracy requirements. In order to
solve the problems of the improved strategy, the feed forward
control strategy is further introduced into the adaptive DPCC.
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The proposed method can eliminate the steady-state error of
current and increase the stability margin of the system, which
will increase the inductance disturbance momentum to 67%.
The anti-jamming ability and dynamic performance of the
system are also improved.

Il. CONVENTIONAL DEADBEAT PREDICTIVE MIODEL

A. MACHINE MODEL OF SPMSM

The state equations of SPMSM in synchronous rotating coor-
dinate system can be expressed as follows

dig . .
L— = —R;-ig + Lweig + ugq

dt

di )
Ld_tq = —R; iy — Lw.ig + ug — Yrwe

The motion equation of SPMSM is given as
T, =T + S+ L. 2 @
= —Q, _—
CTETRTR

where iz and i, represent current of d-q axis, respectively,
ug and u, represent voltage of d-q axis, respectively, R;
represents stator resistance, w, represents electrical angular
velocity, L represents inductance of d-q axis, ¥y represents
permanent magnet flux linkage, B represents the damping
coefficient, T represents the load torque converted to the
motor shaft end, J represents the moment of inertia, and P,
represents the number of pole pairs.

B. CONVENTIONAL PREDICTIVE MODEL OF DPCC

The Euler method is used to discretize the state equations of
SPMSM. Define the sampling period as T, and the discretized
model is obtained as

itk + 1) = Ak) - i(k) + G - U(k) + d(k) 3)
where
L
o [iatk) L T uatk)
w=io) o[t 1| ew-E)
L
r T
dw = |0 —‘T‘”f‘“e(")],
i L
B TRy
1- Tw,(k)
Ak) = TR,
| ~Twek)  1-—

Take the given current i*(k) as the predictive current
i(k + 1). According to equation (3), the predictive current
and the feedback current are both taken as inputs to calculate
the voltage vector, which will be modulated by SVPWM
to obtain the desired stator voltage, and then the switching
sequence of the inverter is determined. Figure 1 is the control
block diagram of DPCC.

It can be seen from equation (3) that the performance of
current controller depends on the motor parameters. If the
values used by the controller and the actual parameters of
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FIGURE 1. Control block diagram of DPCC.

SPMSM are mismatched, current distortion and electromag-
netic torque instability will be caused. Since the disturbance
caused by the motor resistance can be ignored, assuming that
Ry is constant, the voltage equations of conventional DPCC
are expressed as follows

L L
ug(k) = Ti’,fl(k) + (Ry — ?)id(k) — w,(k)Lig(k)
_L. L. : )
ug(k) = qu(k) + Ry — T)Iq(k) + w.(k)Lig(k)

+ we (k)Y

When the inductance and flux linkage of SPMSM change,
the voltage equations after disturbance can be rewritten as
L L
uq(k) = 7id(k + 1)+ Ry - F)id(k) — we(k)L'ig(k)
! !/

L L
uq(k) = Tiq(k + 1+ Ry — ?)iq(k) + we(k)L'ig (k)

+ we (k) W}
5)

where L’ represents the actual inductance of SPMSM during
operation, y{ represents the actual flux linkage of permanent
magnet.

In the case of steady-state, it can be approximately
considered that

ig(k 4+ 1) = ig(k) = ig(k — 1), i50k) = ik — 1)
gk + 1) = igk) = ig(k — 1), i5(k) = ik = 1) (6)

By subtracting equation (4) from equation (5), the steady-
state error between the feedback current and the given current
can be obtained as

Ai5(k) = %we(k)ALiq(k)

T
Adg (k) = 7 @l ALIg(k) + Ayl (N

where AL is the inductance deviation and Ay is the flux
linkage deviation, Aijj(k) = (k) — ig(k) and Ai;(k) =
iZ(k) — ig(k) are steady-state errors of the dg-axis current,
respectively.

For traditional DPCC, the SPMSM adopts iy = 0 control
method. It can be seen from equation (7) that when the induc-
tance and the flux linkage are disturbed, the steady-state error
of the dg-axis current will be caused, respectively. Therefore,
it is necessary to optimize the predictive model to enhance
the robustness of the system.
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lIiIl. ADAPTIVE DEADBEAT PREDICTIVE MODEL

A. ESTABLISHMENT OF ADAPTIVE MODEL

Considering the voltage error caused by parameter mismatch,
the state equations in equation (3) can be further expressed as

T
itk +1) =ig(k) + Z(ud(k) — Riiq(k)
+ weLig(k)) — va
T (8
ig(k +1) = ig(k) + Z(uq(k) — Ryig(k) — w.Liq(k)

— weYrr) — Vg

where v4 and v, are the voltage errors caused by the mismatch
or change of dq-axis parameters, respectively.

The resistance voltage drop Ryi(k), back electromotive
force w.f, voltage error term vy, vy, and other voltage con-
trol variables that cause current disturbance are all regarded
as disturbance terms, which are converted into the online
estimation of e; and e,;. The equation (8) can be rewritten
as

T
ia(k 4+ 1) = ia(k) + 7 lna(k) = ea(h)
L ©)
ig(k + 1) = ig(h) + Ty (k) = (k)

Since the values of voltage disturbance terms (e; and e,)
are related to the steady-state error of current. The derivatives
of disturbance terms to time are

deq _ eq(k +1) —eq(k)
d T
% ek + 1) — eq(k)
dr T

The following predictive equations are obtained

= kalia(k) — iz (k)]
(10)

= kyliq(k) — iy (k)]

eatk + 1) = eq(k) — T - kglig(k) — i5(k)]
eqlk + 1) = ey(k) = T - kylig(k) — iz (k)]

(In

where ey (k + 1) and e, (k + 1) are the predicted values
of voltage disturbance terms at the (k + 1) sequence. kg
and k, are the gain coefficients of the predictive equations,
which determine the rate that the prediction term approaches
stability.

The control model of adaptive DPCC is composed of equa-
tion (9) and equation (11). When the actual value of current
cannot follow the given value, there is a steady-state error.
According to equation (11), the voltage disturbance terms at
the next sequence will increase. In equation (9), the increase
of voltage disturbance terms will make the actual current
quickly approach the given value. The system will gradually
stabilize. In steady-state, e;(k) = uq(k), eq(k) = ug(k).

B. PARAMETER SENSITITY OF ADAPTIVE MODEL

Firstly, the stability margin of the predictive model is ana-
lyzed quantitatively. The control strategy of iy = 0 is adopted
to simplify the state equations of the system. The adaptive
deadbeat predictive model is not affected by R; and .
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This paper only analyzes the influence of inductance mis-
match. In steady-state, the variations of voltage disturbance
terms can be ignored. According to equation (9), the voltage
equations of q axis before and after inductance disturbance
can be written as

L
ug(k) = ?[ij(k) — ig(k)] + eq(k)
(k) = T lighk + 1) = ig)] + eq(k)

where L’ is the actual inductance.
Subtract the two formulas, and the error is obtained as
follows
L., L L' —L
qu(k) - TIq(k + 1) +

iy)=0 (13

The equation (13) is discretized in the Z domain and
expressed as

Liy(z) — L'zig(z) + (L' — L)ig(z) = 0 (14)
Then the transfer function is obtained as
] L/L’
lq(Z) _ / (15)

@)+ @L/L)—1

Therefore, the pole z = 1—L/L’ is obtained. Since the
voltage equations of the adaptive predictive model are con-
sistent with the traditional DPCC, under the two predictive
algorithms, analysis shows that when L' < L/2, current
oscillation or divergence will be caused.

The steady-state performance of the system is further ana-
lyzed quantitatively. The voltage equations before and after
the inductance disturbance are as follows

(k) L % (k) L (k) +eqk)
ug(k) = =i — —iy ey
T (16)
ug(k) = 7i;(k) - ?iq(k) + ey(k)
L L ,
ug(k) = ?ld(k +1) - ?ld(k) + ey (k)
L L an
ug(k) = Fiq(k +1)— Tiq(k) + €, (k)

Subtract equation (17) from equation (16). With the intro-
duction of equation (6), the error is simplified as

T
Aj(k) = - Aeq(k)
T (18)
Aif(k) = T Aeg(k)

where Aeg (k) = eq(k)—el;(k)and Aey(k) = eq(k)—e;(k) are
the variations of voltage disturbances at the current sequence.

When the system is stable, e; (k) = e;i(k) = uq(k), eq(k) =
e;(k) = uy(k), and the voltage disturbances approach zero.
According to equation (18), the steady-state error of current
can be eliminated.

It can also be seen from equation (9) that the improved
predictive model is only related to the inductance of SPMSM,
eliminating the dependence on other parameters. When the
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inductance is disturbed, to eliminate the steady-state error
of the current in real time, larger approach coefficients kg4
and k,; must be adopted to make the voltage disturbance item
quickly stabilize. A more significant approach rate will also
aggravate the chattering of the system. As shown in equation
(15), when the inductance disturbance reaches half of the
nominal inductance, the system oscillates violently, and the
dynamic performance cannot meet the requirements.

IV. ADAPTIVE DPCC COMBINED WITH FEED

FORWARD CONTROL

A. MODEL WITH FEED FORWARD CONTROL

Although the adaptive model is no longer affected by the

variation of motor resistance and flux linkage, it still depends

on the inductance of SPMSM. If the error between the value

of controller and the actual inductance reaches 50%, the cur-

rent will vibrate violently, and the unstable electromagnetic

torque will be output. To further improve the allowable range

of inductance error for system stability, the feed forward

variable i*(k — 1) is introduced to revise the feedback current.
The state equations after introducing feed forward control

are as follows

T
fa(k + 1) = ira(k) + lua(k) — ea(k)]
(19)

T
ig(k + 1) = ipg(k) + Z[uq(k) — eq(k)]

where ir4(k) and ir,(k) represent the corrected current of dg-
axis, which are used to replace the feedback current i; (k) and
ig(k).

Suppose the weight of feed forwardis ¢, and 0 < g < 1,
the expression of ir(k) can be obtained as

ir (k) = qi(k) + (1 — @)i*(k — 1) (20)

Figure 2 is the block diagram of adaptive DPCC control
system with feed forward control. Compared with figure 1,
it can be seen that the traditional DPCC is replaced by the
adaptive predictive model, and the feed forward component
of current is introduced into the input of adaptive model.

As can be seen from Figure 2, when the weight value
g = 0, the current controller adopts feed forward control.
When ¢ = 1, it is adaptive deadbeat predictive current
control. The feed forward control directly invokes the current
command through the running state of the motor, while the
predictive control adjusts the current through the feedback

[P I—i"‘(—klIA(k)(l-q)-z'Il
}

W'+ . Uy s io(k)
A i ((=0] Adaptive SVPWM S_Z’ ink) /PMSM
- DPCC | s iR\
1 o
ia(k) 8(k)
- - abc
A(k)q iy(k) dq
d/dt ||

FIGURE 2. Adaptive deadbeat control with feed forward.
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voltage vector. Reasonable selection of g can effectively
reduce the influence of parameter disturbance on the system,
decrease the current distortion and torque ripple, and improve
the robustness of SPMSM control system.

B. SENSITIVITY ANALYSIS

The steady-state error of current after inductance disturbance
is quantitatively analyzed to determine the value of weight g.
For the adaptive DPCC combined with feed forward control,
the voltage equations before and after the inductance distur-
bance are obtained, respectively.

L L
na(k) = T30 = Zira(k) + eatk)

I I 21
ugk) = Zizk) = Zirg(k) + eq(k)

L. L ,
na(k) = Zialhk + 1) = = - ipa(k) + € (6)

L L (22)
g (k) = ik 4 1) = = - iy k) + € (k)

Subtract equation (22) from equation (21), and the error is
obtained as

L=(=@AL o0
T T
where i*(k) = [i}j(k), i;‘(k)], itk) = [ig(k), iz(k)]. AL is
the error between the nominal inductance and the actual
inductance.
Only when ¢ = 0.5, the coefficients of i*(k) and i(k) in
equation (23) are equal. The following equation holds

L—-05AL L'+05AL 0.5L+0.5L o4
T B T - T @

It can be seen from equation (23) that since Ae(k) is zero in
the steady-state, the adaptive DPCC with feed forward control
can ensure that the steady-state error of current will equal to
zero when the inductance is mismatched.

In the steady-state, the variation of voltage disturbance
term is ignored. The stability margin of the system is analyzed
quantitatively. The voltage equations of q axis before and
after inductance disturbance can be written as

uyk) = = [i;(k) _ in(k)] +egk)
r (25)

L
ug(k) = - [igtk + 1) — ip, (k)] + e4(k)

Subtract the two formulas, and the error is as follows

LAGAL L aety =0 23)

L, AL » L AL .
qu(k) — T(l — q)lq(k — 1) = ?lq(k + 1) + quq(k)
(26)
Equation (26) can be rewritten into the format of Z function
as
iy _ L= AL( - )z
i7(2) L'z+ ALg
The pole obtained from Equation (27) is z = g(1—L/L").
Since ¢ is fixed to 0.5, the operating point of oscillation

27
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is reduced to 1/3 of the nominal inductance. The stability
margin of the system to inductance is increased to ensure
that the motor can still run stably under extreme parameter
mismatch conditions.

To sum up, the adaptive DPCC with feed forward control
strategy is proposed. When the inductance is mismatched,
on the basis of eliminating the steady-state error, the robust-
ness of the system to inductance is improved. The inductance
disturbance momentum of the system is increased from 50%
to0 67%.

V. SIMULATION AND EXPERIMENT RESULTS

To explore the performance of the system under the proposed
control strategy, the nominal parameters of the SPMSM used
in the simulation and experiment are shown in Table 1. The
sampling period T of the system is 100us, and the approach
coefficients k4, k, in the voltage disturbance term are 20000,
respectively. The value of weight g is 0.5.

TABLE 1. Main parameters of SPMSM.

Items Value Items Value
R,(Q) 0.201 [ ¥ (Wb) 0.246
L, (mH) 1.576 || Moment of Inertia (kg-m?) 0.003
L, (mH) 1.576 [ Rated Power (kW) 3.1
Poles 3 Rated Speed (r'min™') 2000
Rated Current (A) 12.476 || Rated Torque (N-m) 14.8

A. SIMULATION RESULTS

The iy = 0 control strategy is adopted, and the speed loop
adopts traditional PI control. The simulation time is set to
0.4s, and the given speed is 1000 r/min. Motor starts without
load, and a sudden load of 3N - m is added at 0.1s. At 0.3s,
the torque is suddenly applied to 6N - m. In this paper, the
steady-state performance and dynamic response ability of
the control system with different predictive algorithms in the
case of inductance mismatch are explored, and the following
simulations are carried out.

1) Traditional deadbeat predictive current control is

adopted.

2) Adaptive deadbeat predictive current control is

adopted.

3) Adaptive deadbeat predictive current control with feed

forward control is adopted.

Firstly, performance under the condition of inductance
mismatch less than 50% is explored. Considering the mea-
surement error of motor parameters and the saturation effect
of magnetic circuit, the inductance of the motor used in
control strategy becomes 1.1mH, and the mismatch is less
than half of the nominal inductance. Figures 3 to 5 show the
response curves of the three predictive models, respectively.

Figure 3 shows the response curves of the traditional dead-
beat predictive current control. It can be seen that when the
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FIGURE 3. Simulation curves of traditional DPCC.
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FIGURE 4. Simulation curves of adaptive DPCC.

inductance is mismatched, the current of d axis cannot follow
the given value, resulting in a steady-state error and reducing
the operation efficiency of the motor.

After adopting the adaptive deadbeat predictive model, the
steady-state error caused by the inductance disturbance is
completely eliminated, and the current of d axis can follow
the given value without error. As shown in Figure 4, the
system also maintains good dynamic performance.

When the inductance mismatch is minor, the steady-state
error is completely eliminated by adaptive DPCC. But there
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FIGURE 5. Simulation curves of adaptive DPCC with feed forward.

are problems such as large current distortion and torque rip-
ple. After the introduction of feed forward control, as shown
in Figure 5, it can be found that the distortion of current is
reduced, and the harmonic is also suppressed.

When the inductance mismatch is equal to half of the nom-
inal inductance and reaches the limit of stability margin of
traditional DPCC or adaptive DPCC, the three current predic-
tive algorithms are simulated and compared. The inductance
of the motor is reduced to 0.788mH, and the response curves
are shown in figures 6 to 8.

Figure 6 shows the response curves of the traditional
DPCC. It can be seen that when the inductance mismatch
reaches the stability margin, the system generates oscilla-
tion. The current distortion and electromagnetic torque ripple
significantly increase. At the same time, the steady-state

Torque (N-m)
[ NN

0.2 0.3 0.4

Time (s)

e
)

d-axis current (A)
=

-0.2)
0 0.1 0.2 0.3 0.4
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5
§ 0
é 10 | | |
~ 0 0.1 0.2 0.3 0.4
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FIGURE 6. Simulation curves of traditional DPCC.
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FIGURE 7. Simulation curves of adaptive DPCC.

error of d axis current cannot meet the requirement of high
precision.

With the adaptive DPCC, when the inductance becomes
half of the nominal, the steady-state error of d-axis current is
eliminated. Due to the introduction of approach coefficients
in voltage disturbance terms, severe inductance mismatch
causes the increase of current and torque pulsation, and the
system cannot operate stably. The response curves are shown
in Figure 7.

With the introduction of feed forward control, the stability
margin of the system to inductance mismatch is increased.
Figure 8 shows the response curves of the adaptive DPCC
with feed forward control. The improved algorithm can
eliminate the steady-state error completely, reduce the cur-
rent distortion and torque ripple, and ensure the dynamic
performance of control system.
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0.2 0.3 0.4
Time (s)
<
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% 02 i I ]
o
0 0.1 0.2 0.3 0.4
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FIGURE 8. Simulation curves of adaptive DPCC with feed forward.
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TABLE 2. Comparison of steady-state performance of the motor with
inductance parameters=1.1mH.

Torque ripple Current steady-
Control method Tiip(N-m) THD amplitude(A) state error
Traditional DPCC 0.0469 0.92% 5.7392 Yes
Adaptive DPCC 0.0512 1.03% 5.7389 No
Adaptive DPCC 0.0448 0.86% 5.7389 No

with feed forward

TABLE 3. Comparison of steady-state performance of the motor with
inductance parameters=0.788mH.

Torque ripple Current steady-
Control method Tiip(N-m) THD amplitude(A)  state error
Traditional DPCC 0.1174 2.71% 5.7464 Yes
Adaptive DPCC 0.529 26.47% 5.7348 No
Adaptive DPCC 0.0641 1.22% 5.7456 No

with feed forward

The steady-state performances of the three control algo-
rithms are further quantitatively compared. The average value
of motor torque ripple in N sampling periods is calculated as
follows

N
Tip= | D06~ 127 (8)
i=1
where N is the number of sampling cycles and Ty, is the
average torque ripple. T, (i) is the electromagnetic torque of
the i, cycle and T represents the average electromagnetic
torque.

When the inductance becomes 1.1mH and 0.788mH, com-
parisons of the steady-state performances from 0.3s to 0.4s
of different predictive algorithms are shown in Table 2 and
Table 3, respectively. The distortion rate of phase current is
obtained by FFT analysis.

It can be seen from Table 2 that when the inductance
mismatch is small, the adaptive DPCC proposed in this paper
can eliminate the steady-state error and reduce the amplitude
of stator current. Still, compared with the traditional DPCC,
the torque ripple and current distortion rate are increased
by 9.17% and 11.96%, respectively. While, after introducing
feed forward control, the torque ripple and current distortions
are 87.5% and 83.5% of the original, respectively. Therefore,
the proposed strategy can effectively improve the steady-state
performance when the inductance mismatch is slight.

When the actual inductance becomes half of the nominal,
the steady-state performances of the three strategies are
compared in Table 3.

It can be seen from Table 3 that when the actual induc-
tance becomes half of the nominal, due to the introduction
of the approaching coefficients in voltage disturbance terms,
the torque ripple and current distortion of adaptive DPCC
increase significantly, which cannot be used in the field of
practical engineering. For adaptive DPCC combined with
feed forward control, torque ripple and current distortions
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FIGURE 9. Current THD comparison between three DPCC strategies with
inductance parameters=1.1mH.
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FIGURE 10. Current THD comparison between three DPCC strategies with
inductance parameters=0.788mH.
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FIGURE 11. Current curves of traditional DPCC.

are greatly reduced, and the steady-state performance of the
system is significantly improved.

FFT analysis is carried out for the phase currents of various
strategies under different loads, and the results are shown
in figure 9 and figure 10.

It is further verified that the improved model proposed in
this paper can avoid the influence of resistance and flux link-
age changes. Assuming that the stator resistance of SPMSM
is changed to 2R; and the flux linkage is reduced to 80%
of the nominal due to the temperature rise, while the other
operating conditions remain unchanged, the simulations are
carried out. The dg-axis current response curves of three
predictive models are shown in Figure 11 to 13, in which
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FIGURE 12. Current curves of adaptive DPCC.
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FIGURE 13. Current curves of adaptive DPCC with feed forward.

the red curve represents the given current, and the blue curve
represents the actual current.

It can be seen that both the adaptive DPCC and the pro-
posed strategy with feed forward control can eliminate the
steady-state error. It shows that the adaptive model presented
in this paper can avoid the influence caused by the changes
of resistance and flux linkage.

B. EXPERIMENTAL RESULTS

To further verify the practicability of the above analysis, cor-
responding experimental tests are carried out on the SPMSM
drive platform. The test bench is shown in Figure 14.

The given speed is 300 r/min, motor starts without load.
After 2s, the torque is suddenly increased to 4N - m, and
the speed is increased to 600 r/min when the motor runs
stably. The inductance in the control algorithm is increased
to simulate the actual reduction of motor inductance.

First, experiment with the operating conditions where
the inductance parameter mismatch is less than 50%.
Figure 15 shows the experimental curves of the traditional
DPCC when the inductance becomes 1.1mH. The current is
distorted, and the steady-state error of d-axis current exists.
The operation efficiency is significantly reduced.

Another experiment is performed on traditional DPCC
with feed forward control. The value of weight q is 0.5, and
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FIGURE 14. Test bench.
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FIGURE 15. Experimental curves of traditional DPCC.

the experimental curves are shown in Figure 16. When the
inductance becomes 1.1mH, the current distortion is obvi-
ously reduced, but the steady-state error is increased, which
cannot meet the accuracy requirements. To sum up, the tradi-
tional methods cannot solve the problem of steady-state error
when the parameters are mismatched.

Experiments are performed on the adaptive DPCC and
the feed forward predictive model under the same operating
conditions. The experimental curves are shown in Figure 17.
The steady-state error of the d-axis current is eliminated. For
the adaptive model with feed forward, the current distortion
and pulsation are reduced, and the steady-state performance
of the system is significantly improved.
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FIGURE 16. Experimental curves of traditional DPCC with feed forward.
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FIGURE 17. Comparison of experimental curves before and after
introducing feed forward control.

Then the experiment is carried out under the condition
that the mismatch of inductance is equal to 50% of the
nominal. Figure 18 shows the experimental curves of adaptive
DPCC. The response current is seriously distorted. The motor
violently vibrates and cannot operate stably.

Figure 19 shows the experimental curves of the adaptive
DPCC with feed forward when the inductance becomes half
of the nominal inductance. It can be seen that the current dis-
tortion and pulsation are greatly reduced, and the steady-state
performance of the system is improved obviously.

When the inductance mismatch is more than half of the
nominal, experiments are carried out on adaptive DPCC with
feed forward to verify the effectiveness of model proposed in
this paper in increasing the allowable inductance error range
for system stability. The inductance of the motor becomes
0.55mH, which is 35% of the nominal. Experimental curves
are shown in Figure 20.
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FIGURE 19. Experimental curves of adaptive DPCC with feed forward
when L = 0.788mH.

It can be seen from Figure 20 that the proposed adap-
tive DPCC with feed forward can significantly improve the
response performance when faced with extreme parame-
ter mismatch conditions. The robustness and steady-state
performance of the speed control system are also improved.
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FIGURE 20. Experimental curves of adaptive DPCC with feed forward
when L = 0.55mH.

VI. CONCLUSION

In this paper, the parameter sensitivity of DPCC for SPMSM
is studied. Aiming at problems such as current steady-state
error and torque ripple under conditions of motor parameter
mismatch or change for traditional deadbeat control principle,
an adaptive deadbeat predictive current control is proposed.
The model is only related to the inductance and completely
eliminates the steady-state error of the current. To expand the
stability margin of the system, an adaptive DPCC scheme
with feed forward is presented, which expands the critical
inductance disturbance value from 50% to 67% when the
system oscillates. The model presented in this paper can
improve the robustness of DPCC while ensuring the response
performance of the system.
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