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ABSTRACT In order to obtain satisfactory transient and steady-state performances, a hybrid dual-mode
control (HDMC) is proposed for surface-mounted permanent-magnet synchronous motor drives (PMSMs),
which contains two control modes. The first one is the deadbeat predictive control (DBPC) mode, which
is only implemented in the transient procedure. The second one is the field-oriented control (FOC) mode,
which is mainly implemented in the steady-state operation. Besides, the FOC mode is also implemented
in the transient procedure to eliminate the static current error. In the transient procedure, the FOC mode
is activated after one-sampling-period implementation of the DBPC mode in the unsaturation state, and
the desired voltage vector calculated in this sampling period is assigned as the initialized values of the
proportional-integral current controllers in the FOC mode to avoid the switching chattering. When the
voltage-source-inverter comes into the saturation state, the DBPC mode will be reactivated immediately.
The proposed HDMC inherits the quick response ability of DBPC and the good steady-state performances
of FOC. The effectiveness of the proposed HDMC is verified by the experimental results.

INDEX TERMS Model predictive control (MPC), deadbeat predictive control (DBPC), field-oriented

control (FOC), permanent-magnet synchronous motor (PMSM).

I. INTRODUCTION

Due to high power factor, high efficiency and high torque-
to-inertia ratio, permanent-magnet synchronous motors
(PMSMs) have been widely used in motor drives [1]-[5].
So far, a lot of high-performance control methods have
been proposed for PMSM drives, and the field-oriented
control (FOC) is usually considered as the most effective
and reliable one. In the conventional FOC scheme, direct
and quadrature currents are independently regulated by two
proportional-integral (PI) controllers [6], [7]. On the other
hand, model predictive control (MPC) has recently attracted
more attentions for the advantages of fast dynamic response,
simple modeling, and multi-object control [8]-[11]. Due to
the elimination of PI current controllers, MPC has better
transient performances than FOC [12].
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According to the finite control set and the system model,
MPC can predict the future behavior of control variables,
such as the current, torque, and stator flux [13], [14]. A cost
function is designed according to the errors between the refer-
ence and predicted values, and the optimal voltage vector can
be selected to minimize the cost function [15]. This scheme
is usually noted as finite-control-set MPC (FCS-MPC). Exist-
ing FCS-MPC schemes can be mainly categorized into model
predictive torque control (MPTC) [16] and model predictive
current control (MPCC) [17]. In MPTC, torque and stator flux
are selected as the control variables, and their errors are com-
bined together to form a cost function. Usually, a weighting
factor is required in the cost function, since both the torque
and the stator flux have different units [18]. Additionally,
the torque and the stator flux usually cannot be measured eas-
ily, and they are usually estimated by mathematical observers.
In MPCC, the control variables are direct and quadrature
axis currents, which can be measured by sensors directly.
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Furthermore, the weighting factor can be eliminated in
MPCC, since both control variables have same units.

However, FCS-MPC still suffers from several drawbacks.
One of the main drawbacks is the heavy computation burden.
The control set of FCS-MPC consists of all possible voltage
vectors provided by voltage-source-inverters (VSIs), and the
computation burden of FCS-MPC depends on the number of
voltage vector candidates in the finite control set. For exam-
ple, seven current predictions and same cost function calcu-
lations are required to determine the optimal voltage vector
for three-phase motor drives [19]. Furthermore, N voltage
vectors will be evaluated for an N-level n-phase VSI. Obvi-
ously, the computation burden will be significantly increased
with more voltage vectors. The heavy computation burden
requires longer calculation time, and then reduces the aver-
age switching frequency of VSI, especially in multi-phase
motor or multi-motor drives. On the other hand, no pulse-
width-modulation module is employed in FCS-MPC, and
only one basic voltage vector can be implemented by VSI in
one sampling period. As a result, the switching frequency of
VSlis inconstant, and large ripples of stator flux, electromag-
netic torque and stator current will occur [20]. These draw-
backs have limited the industrial applications of FCS-MPC.

In order to inherit the advantages but overcome the draw-
backs of FCS-MPC, another MPC scheme named as deadbeat
predictive control (DBPC) have been proposed, in which the
control commands are expected to be achieved in one sam-
pling period [21], [22]. In DBPC, a desired voltage vector is
directly calculated by the inverse motor model instead of eval-
uating all possible voltage vectors, and then the minimizing
process is also not required since the cost function has been
eliminated [23]-[25]. Therefore, the computation burden of
DBPC can be significantly reduced comparing with that of
FCS-MPC [26]. According to PWM technique, the desired
voltage vector can be synthesized by zero and active voltage
vectors in one sampling period. Hence, DBPC has constant
switching frequency and can simultaneously achieve good
transient and steady-state performances.

As a model-based control method, however, the perfor-
mances of DBPC highly depend on the accuracy of motor
model. As is known, the differences between model param-
eters and actual parameters usually cannot be avoided in the
practical implementation of DBPC, which may be resulted
by the measurement errors and the parameter variations.
The measurement errors usually depend on the accuracy of
sensors. During the operation, the motor parameters can be
affected by thermal, deep-bar, and saturation effects. For
example, the stator resistance varies with temperature, and
the inductance can be influenced by the magnetic saturation
and the air gap variation. Due to the heating and vibra-
tion of PMSMs, demagnetization of permanent-magnets may
occur [27]. Considering the parameter differences, current
oscillation and static current errors usually exist [28]. The
former can produce mechanical oscillation while the lat-
ter can deteriorate the system efficiency and the tracking
accuracy.
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Some methods have been proposed to reduce the affections
of parameter differences for DBPC [29]-[32]. A current inte-
gral loop parallelly operates with the predictive control loop
of PMSM drives to compensate the current error caused by
parameter uncertainties [29]. In [30], the d-axis voltage is
compensated by the integral of the d-axis current feedback,
and the permanent-magnet flux is adjusted by the g-axis
current feedback. However, the transient performances of
DBPC are affected by integral loops [29], [30]. A parameter
identification method is proposed in [31] based on a recon-
struction characteristic vector from the disturbance observer
with current injection. In [32], a novel current and disturbance
observer is proposed to predict future stator currents and
disturbances caused by model parameter algorithms. In [33],
the inductance of PMSM is estimated by an extended state
observer in DBPC, and the knowledge of permanent-magnet
flux is not required since an incremental model is adopted.
However, these observer-based methods increase the com-
plexity of DBPC and the accuracy of observers also can affect
the performances of DBPC.

In this paper, a hybrid dual-mode control (HDMC) is
proposed for surface-mounted PMSM drives. The proposed
HDMC contains two control modes (DBPC and FOC), and
they are respectively employed in the transient operation
and the steady-state operation. The proposed HDMC inher-
its the fast transient performances of DBPC and the good
steady-state performances of FOC. Especially, no observer
is required in the proposed HDMC and the static current
error can be eliminated. The main challenge of the proposed
HDMC is how to realize the optimal and smooth transition
between DBPC and FOC while the performances are satisfac-
tory during the entire operation. The paper is organized as fol-
lows. The studied PMSM drive is described in Section II. The
so-called HDMC is proposed in Section III. Experiments are
carried out in Section IV to verify the proposed hybrid control
scheme. Finally, some conclusions are drawn in Section V.
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FIGURE 1. Studied PMSM drive system.

Il. STUDIED PMSM DRIVE

A. SYSTEM DESCRIPTION

The studied PMSM drive system is shown in Fig. 1, in which
a three-phase surface-mounted PMSM is controlled by a
two-level three-leg VSI.
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FIGURE 2. Block diagram of the proposed HDMC.

B. MATHEMATICAL MODEL OF PMSM
The voltage equation in dq coordinate system is expressed as
. dig .
ug = Rsig + Ly—— — weleq
dt
di M
Ug = Rsiq + Lsd_tq + we(Lsig + V)

where ug and u, are the d- and g-axis voltages, respec-
tively; iz and i, are the d- and g-axis currents, respectively;
Ry, Ly and vy are the stator resistance, the stator inductance
and the permanent-magnet flux linkage, respectively; w, is
the electrical angular speed.

Due to the fact that the sampling period T is short, current
differentiation can be rewritten as

di(k) itk +1) —i(k)
d T

@

where i(k) is the current in the k™ sampling period.
Substituting (2) into (1) gives the discrete time state-space
model of PMSM as

[{d(k+ 1)} ZP[{d(k) ]+M[ud(k) } _o 0

iglk +1) ig(k) ug(k)
with
B R,T,
1—— Tsw,
P = Ls
N RTs |
—Tsw, 1 -
i L,
T
L’ 0
M = $ T , 0= Tswewf
0o = Ly
L L
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Ill. PROPOSED HDMC

The proposed HDMC is illustrated in Fig. 2, which
mainly contains six modules: DBPC module, FOC module,
H-Limiter module, C-Limiter module, Selector module, and
SVPWM module. All modules are described in this section.

A. DBPC MODULE

In this module, the initial reference d-axis voltage u;fl 10(k) and
g-axis voltage u:;lo(k) are calculated according to the DBPC
method, and the constraints of VSI is neglected. The theoreti-
cal control target of DBPC is to achieve both reference d-axis
current iy (k) and g-axis current iy (k) in one sampling period,
that is,

{id(k + 1) = ij(k) @

ig(k + 1) = i5(k)
In this paper, the reference d-axis current ijj (k) is always
0 since iy = O control is adopted. The reference g-axis current
i; (k) is obtained by the speed regulator, where a PI controller
is adopted. In order to realize the theoretical control target of
DBPC, the initial reference d-axis voltage ujllo(k) and g-axis
voltage u; 10(k) are calculated by substituting (4) into (3)

wiok) 1 o1 [ k) _ p| ta(k)
[“Zlo(")}_M ([i?/(k)} P[iq(k)}+Q) ®

B. H-LIMITER MODULE
The magnitude of the initial reference voltage vector Vieryg is

defined as
Vief10 = v (uzlo)z + (uzlo)z (6)

where Vief10 is the magnitude of Vier1o. As is known, the out-
put voltage ability of VSI is limited by the dc bus voltage uqc,
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FIGURE 3. Voltage trajectories.

and the maximum voltage trajectory of VSI is hexagon,
as shown in Fig. 3. In this paper, the phase angle of Vierio
is defined as y, and the corresponding limitation value V,,
can be calculated by

\/§ Udc

"= 3cos[§ — (ymod )]

)

In DBPC module, the calculations of uj 10 and ”210 do not
consider the constraints of VSI. However, the implementation
of Vier1op may be impossible due to the constraints of VSI.
Therefore, the constraints of VSI are taken into account in
this module.

Usually, the reference d-axis current i; can be well
achieved since its value always remains zero, and the dif-
ference Aiy between the reference d-axis current i; and the
actual d-axis current iy can be neglected. Furthermore, ”210
should be small according to (5).

At the beginning of the transient procedure, the differ-
ence Aig between the reference g-axis current i; and the
actual g-axis current i, usually is large. Therefore, “210 is
significantly larger than u}j,,. If Vierio is larger than the
limitation value V,,, the initial reference voltage vector Viefio
cannot be implemented and i; cannot be achieved in one
sampling period. Therefore, maximum voltage of VSI should
be outputted to shorten the response time, and this situation
is defined as the saturation state of VSI. A saturation flag F
is defined as (8) in this paper, and it is set as 1 to indicate the
saturation state.

1
el

Considering the constraints of VSI, the final reference
voltage vector Vier; can be modified as

if VreflO > Vi

. 8
if Vrefl() < Vn ®)

{”Zl = Vit 10/ Vref 10 9)

u;l = Vm”Z]o/VrefIO
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Obviously, the output voltage of VSI is mainly assigned to
the g-axis voltage in the transient procedure. In other words,
’”21 ‘ is nearly equal to V,,,, which does not affected by PMSM
parameter variations during the transient procedure.

Gradually, the g-axis current difference Ai, will become
small, and then the reference g-axis current i; can be achieved
in one sampling period. In this situation, it is not necessary to
output maximum voltage for VSI. Therefore, this situation is
defined as the unsaturation state of VSI, and the saturation
flag F; is set as 0. In this situation, Vief1o is not larger than
the limitation value V,,,, and the final reference voltage vector
Viet1 can be directly determined as

wh = u’
i (10)
ql — “ql10
However, the static current error will occur due to the exis-
tence of the PMSM parameter variations, as shown in Fig. 4.

—

—

I: Saturation state
II: Unsaturation state

Static current error '

11

y

FIGURE 4. Variation procedure of ig using DBPC.

As is seen in Fig. 4, the current variation rate in the satu-
ration state is larger than that in the unsaturation state. It also
can be found that most of g-axis current difference can be
removed in the saturation state.

C. FOC MODULE

In this module, the initial reference d-axis voltage ”220 and
g-axis voltage “;20 are obtained by two PI current regulators,
respectively. The detailed block diagram of the FOC module
is illustrated in Fig. 5. As is presented in DBPC module, how-
ever, u},, and uZ 1o are directly calculated by DBPC according
to (5). When the HDMC is switched from DBPC to FOC,
the switching chattering may occur if the differences between
(U100 ”210) and (15, ”220) cannot be avoided. In order to
avoid the switching chattering, u;,, and ”220 are respectively
initialized by u,, and “210’ which are calculated by DBPC
module at the trailing edge of the control scheme flag Fs,
which will be explained in Selector module.

The whole variation procedure of the actual g-axis current
ig using FOC is curved in Fig. 6. Due to the existence of PI
current controllers in FOC, the current overshoot occurs and
the torque (current) response is slower.

D. C-LIMITER MODULE
Uy and ”220 are limited by C-Limiter module. In order to
eliminate the static current error, FOC is implemented in
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the steady-state operation. As is shown in Fig. 3, the max-
imum magnitude of the actual voltage vector varies from
(\/§/3)udC to (2/3)ugc if the hexagon voltage trajectory is
used for VSI. However, u},, and “220 should be constant
in the steady-state operation according to (1). Hence, the
magnitude of the reference voltage vector Vi should be
constant in the steady-state operation, which cannot be sat-
isfied in the blue region shown in Fig. 3. In order to well
remain the steady-state operation, the inscribed circle of the
hexagon voltage trajectory is used for FOC module as shown
in Fig. 3.

Referring to (6), the magnitude of the initial reference
voltage vector Viepo can be calculated. If Viepo is larger
than (v/3/3)ugc, the final reference voltage vector Viep is
respectively determined as

u e — Vuacttn,
d2 3 Vref 1
iy \/gudcu:;zo
92— .
3Vres

. " " .
O*therwmi, Uy and u 220 are respectively set as the values of
uy, and u e

E. SELECTOR MODULE
In this module, Vef; from DBPC module or Viesy from FOC
module is selected as the final reference voltage vector Vier
for SVPWM module. The task of the HDMC is to inherit
the quick torque response ability of DBPC but eliminate
the static current error by using FOC. The main challenge
of the proposed HDMC is how to appropriately assign the
implementation time for DBPC and FOC modes.

If a new reference g-axis current ij; is set, the g-axis current
difference Ai, will become large, and VSI will immedi-
ately come into the saturation state (Fs = 1). After several
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sampling periods, the g-axis current difference Ai, can be
gradually decreased, and finally VSI can come into the unsat-
uration state (Fgy = 0). According to the definition of the
unsaturation state, the g-axis current difference Ai, can be
theoretically eliminated in one-sampling-period implemen-
tation of DBPC in the unsaturation state. After this sam-
pling period, the transient procedure of the studied PMSM
drive system can be theoretically considered to be completed,
and the task of the HDMC becomes to remain the good
steady-state operation. However, the g-axis current difference
Aig, usually cannot be eliminated by DBPC mode due to
the PMSM parameter variations, and the static g-axis current
error will occur if DBPC mode is still implemented after this
sampling period. In order to eliminate the static current error
in time, the FOC mode is adopted after this sampling period.
The transition procedure from DBPC mode to FOC mode is
demonstrated in Fig. 7. In the proposed HDMC, the control
scheme flag F is set as 1 if the DBPC mode is selected,;
otherwise, Fg is set as 0.

| e— Vs
V Safl-—-1-——-—--- N \':
/ \
/ \
/ \ <«<—DBPC
/ \
/ . i+—FOC
/ \
/ \
/ \
’ \ o
Vig ) N\
‘e » |
\\ // a
\ /
\ /
\ ,
\ /
\ /
\ /
\ /
\ ’
\ /
\ /
Vs Vs

FIGURE 7. Transition procedure from DBPC to FOC.

Once VSI returns to the saturation state (Fy =1), it means
that the g-axis current difference Ai, become large, and the
DBPC mode is selected again instead of the FOC mode to
enhance the torque response ability of the proposed HDMC.

The flowchart of Selector module is illustrated in Fig. 8,
in which N represents the number of sampling periods in
unsaturation state using the DBPC mode.

F. SVPWM MODULE

According to SVPWM method, u}; and u(’; can be imple-
mented by generating the switch states s, for VSI in this
module.

G. ENTIRE MODULE

The entire operation procedure of the proposed HDMC is
illustrated in Fig. 9. As is shown in Fig. 9, the g-axis current
difference Aiq is mainly removed by the DBPC mode, and
the steady-state operation of the studied PMSM drive system
is remained by the FOC mode.
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FIGURE 9. Variation procedure of iq using the proposed HDMC.

Transformer Control ¢ircuit DSP board

Traction PNSM

Load PMSM

Encoder

FIGURE 10. Experimental platform.

IV. EXPERIMENTAL VALIDATION

To verify the effectiveness of the proposed HDMC, an exper-
iment platform is developed, as shown in Fig. 10. The studied
PMSM is controlled by one three-leg VSI and its parameters
are listed in TABLE 1. The load is provided by another
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TABLE 1. Parameters of studied PMSM.

Parameter Value
Rated phase current 11A
Stator resistance R, 0.665 Q
Stator inductance L 7.93 mH
Permanent magnet flux 0.299 Wb
Number of pole pairs P, 4

PMSM with an encoder of 1024 pulses per revolution, and
it is realized by the closed-loop torque control. The control
program is implemented in a DSP TMS32028377 controller.
The inputs for DSP controller are the measured phase currents
and dc bus voltage, and the feedback signal of the encoder.
The switch states for the VSI are generated by the DSP
controller. The sampling frequency is 10 kHz. The dc bus
voltage is 300 V, which is provided by a three-phase rectifier.
In all experiments, stator inductance is set as 50% of rated
value and PM flux linkage is set as 150% of rated value. In this
paper, the response time of g-axis current is defined as the
duration from the establishment of new reference currents to
the steady-state actual currents with +5% error band.

A. DBPC

In this experiment, only DBPC is implemented during the
entire operation, and the experimental results are shown
in Fig. 11. In this experiment, the reference speed was
changed between 200 t1/min and 600 r/min. As seen
in Fig. 11(a), the static current errors of d- and g-axis under
600 r/min are respectively 0.32 A and 1.03 A, and those under
200 r/min are respectively nearly 0 and 0.22 A, which are
resulted by the parameter variation of PMSM. Obviously,
the static current error of d-axis is smaller than that of g-axis,
and the static current error will become larger if the speed
increases. More explanations can be found in [30]. The rising
and falling times of the actual g-axis current iy are 0.70 ms,
which are respectively shown in Figs. 11(b) and (c). It can be
seen that DBPC performs quick torque (current) response but
suffers from the static current errors.

B. FOC

In this experiment, only FOC is implemented during the
entire operation, and the experimental results are shown
in Fig. 12. In this experiment, the reference speed was also
changed between 200 r/min and 600 r/min. It can be seen that
the static current errors can be eliminated by FOC. The rising
and falling time of i, are respectively 4.20 ms and 8.40 ms.
Obviously, the torque (current) response of FOC is much
slower than that of DBPC. Meanwhile, current overshoots
occur in the transient procedures of FOC, and the current
overshoot in the rising procedure is 2.06 A while that in the
falling procedure is 2.67 A. However, current overshoots do
not exist in DBPC.

C. HDMC

In this experiment, the proposed HDMC is implemented
during the entire operation, and the experimental results
are shown in Fig. 13. The rising and falling times of i, is
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FIGURE 12. Experimental results of FOC scheme. (a) t = 0-10s, (b) t =2.316-2.328 s, (c) t = 7.464-7.480 s.

respectively 0.70 ms and 1.60 ms. The performance compar- Comparing with Fig. 11, the rising time of the proposed
ison of different control schemes is listed in TABLE 2. HDMC is as same as that of DBPC but the falling time of the
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(c) t = 7.346-7.350 s.

TABLE 2. Performance comparison of difference methods.

Static error Current response  Current overshoot
DBPC bad good good
FOC good bad bad
HDMC good medium good

proposed HDMC seems to be significantly longer than that
of DBPC. The reason is that the g-axis static current error in
the rising procedure is small (0.22 A, as shown in Fig. 11)
while that in the falling procedure is large (1.03 A, as shown
in Fig. 11). The g-axis static current errors are eliminated by
the FOC mode. The regulation time to eliminate the g-axis
static current error in the rising procedure is so short that it
does not affect the rising time. According to the curve of the
control scheme flag F;, and the DBPC mode is nearly imple-
mented in the entire rising procedure. However, the regulation
time to eliminate the g-axis static current error in the falling
procedure is so long that the falling time is seriously affected.
According to the curve of the control scheme flag Fg, the
implementation time of the FOC mode is so long in the rising
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procedure that it cannot be neglected. The steady-state g-axis
current after the falling procedure is 8.97 A in Fig. 11. For fair
comparison, the steady-state g-axis current after the falling
procedure is also assumed to be 8.97 A in Fig. 13. Based on
this assumption, the modified falling time in Fig. 13 is also
0.7 ms. The adding response time (0.9 ms) is the regulation
time to eliminate the static current error (1.03 A). Therefore,
HDMC has same response ability of DBPC.

Comparing with Fig. 12, the torque (current) response
of the proposed HDMC is significantly better than that of
FOC but the current overshoot has been significantly sup-
pressed. The explanation is that the current transient response
is mostly completed by DBPC module and only the final step
is implemented with FOC, as shown in Fig. 8.

V. CONCLUSION

In this paper, HDMC is proposed for the surface-mounted
PMSM drive, which inherits the quick response ability of
DBPC but eliminates the static current error by using FOC.
The DBPC mode is activated immediately once VSI comes
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into the saturation state. After one-sampling-period imple-
mentation of the DBPC mode in the unsaturation state,
the FOC mode is activated to eliminate the static current error
since most of the current difference has been removed by the
DBPC mode. In order to avoid the switching chattering, the PI
current controllers in the FOC mode are initialized by the
desired voltage vector calculated in the transition period. The
effectiveness of HDMC is verified by experimental results.
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