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Abstract— This article proposes a modified deadbeat predic-
tive current control (M-DPCC) method to improve the dynamic
performance of permanent magnet synchronous motor (PMSM).
Classical DPCC only predicts one control cycle of the PMSM, which
restricts the dynamic performance since multiple control cycles are
required for the transient state under heavy load and rated speed
working condition. The proposed M-DPCC extends the single-step
prediction to the entire dynamic interval in the transient state, by
which the comprehensive optimization on the angle of the stator
voltage vector can be implemented. Moreover, M-DPCC performed
multi-step deadbeat calculation to keep the computation modest.
To verify the effectiveness of the proposed M-DPCC, transient-state
performance of PMSM using the M-DPCC method, the modulated
model predictive control and classical DPCC are explored under
a wide range of working condition. Comparative simulation and
experimental results indicate that dynamic performance of the
PMSM can be improved, especially under rated speed and heavy
load conditions. Besides, the parameter sensitivity to inductance
mismatch of the three methods is carried out. The stable operation
range of the M-DPCC under inductance mismatch is larger than
the other two methods. Moreover, the computation complexity of
the three methods were investigated. The M-DPCC acquired less
computation time than the modulated model predictive control.

Index Terms—Deadbeat predictive current control (DPCC),
dynamic performance, permanent-magnet synchronous motor
(PMSM), prediction horizon, transient-state operation.

1. INTRODUCTION

ERMANENT-magnet synchronous machines (PMSMs)
draw worldwide attention in decades of research owing
to their high power density and high efficiency [1]. Among
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various control strategies for inverter-fed PMSM, model pre-
dictive current control (MPCC) shows promising performance
due to its simple principle and great performance [2]—[3]. Most
MPCC methods aim to eliminate the errors of stator currents
using the optimal voltage vector (VV). Basically, three classes
of methods are used to enhance the dynamic performance, de-
crease the steady-state torque ripple, and reduce the computation
complexity [4]-[36].

The first class is finite control set MPCC [4], which makes
predictions of the future states of PMSM fed by every possible
VV from the inverter. When applying longer prediction hori-
zon, the performance of PMSM can be significantly improved
[5], but it is greatly limited by the computational ability of
the microcontroller. Hence, many efforts have been made to
decrease the computation burden. Cagienard et al. [6] employed
two parts of prediction horizon with different prediction resolu-
tion. In [7], the extrapolation strategy was introduced to extend
the prediction horizon until the extrapolated trajectories of the
control objectives reach their hysteresis bounds. In [8], Jlassi
and Cardoso make classification of all possible VVs using novel
lookup table to decrease the number of VVs in the evaluation.
Instead of increasing the prediction horizon, the second class
extends the possible VVs. Therefore, a more proper VV can
be selected. Petkar et al. [9] applied an active VV and a zero
VV to MPCC in one control cycle for reducing torque ripple.
Furthermore, the number of active VVs was increased to enhance
the dynamic performance of PMSM [10]. The same method
in [10] was introduced to reduce the torque ripple [11] and
flux ripple [12] in the steady state. However, these methods
in [6]-[12] still faced increasing calculation burden when the
prediction horizon and the number of VVs extended.

To avoid such problem, the third class of MPCC, i.e., deadbeat
predictive current control (DPCC), is introduced to directly
obtain the optimal VV using the explicit evaluation method. The
errors of the control objectives are eliminated in one control cy-
cle [4]. The research about DPCC mainly focused on parameter
mismatch [13]-[14], fault tolerant [15], lower computation bur-
den [16], and current harmonic reduction [17], [18]. In[19]-[21],
discrete space vector modulation was introduced to modulate
the optimal VV of DPCC in fixed switching frequency. Only a
small group of VVs were selected to decrease the computation
amount. Besides, classical space vector pulsewidth modulation
(SVM) was introduced to obtain the amplitude and the angle of
the optimal VV [22]-[25]. However, when the back electromag-
netic force is close to the limitation of SVM linear modulation
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region, or when the current drop on the stator resistance becomes
unignorable, there is lack of voltage to produce stator current and
degrade the dynamic performance. In another word, when the
PMSM is operated under rated speed and heavy load condition,
the optimal VV from DPCC will outrange the linear region of
SVM in the dynamic process [26]-[28]. Most DPCC methods
reduced the amplitude of the optimal VV. Hence, the modified
VV can be subject to the limitations on the voltage actuation
[22]-[28]. However, the unpredicted errors of the dg-axes cur-
rents were introduced in the transient state, reducing the dynamic
performance of DPCC. Besides, the influence of the optimal VV
distortion is unforeseeable as the DPCC only makes a single-step
prediction.

To solve these problems, various methods have been proposed
to achieve smooth transition from linear modulation to six-step
mode [29]-[36]. Most of them focus on the improvement of
the steady-state performance. However, there are few literatures
about the over-modulation in the transient state of DPCC. In [35],
the modulated model predictive control (MMPC) introduced
optimal overmodulation in single-step to have a minimum cost
function and improve the dynamic performance, but the com-
putation complexity increased. Then, in [36], the calculation
was simplified to reduce the computation complexity, but the
optimization in long prediction horizon was neglected due to
the heavy computation burden. It is necessary and significant for
DPCC to achieve optimal modulation in long prediction horizon
while keeping the computation modest.

The main objectives of this article are to design a modified
DPCC (M-DPCC) with adaptive prediction horizon and reduced
computational complexity to improve the dynamic performance
of conventional DPCC. Rather than single-step prediction in
the MMPC and conventional DPCC, the horizon is adaptively
extended to the entire transient state in M-DPCC. To avoid
heavy computation caused by multistep FCS-MPC prediction,
the multiple-step deadbeat prediction differential equations were
introduced. Then, the special method to reduce the order of the
equations and to set the initial value was adopted to keep the
computation modest. For parameter sensitivity, the M-DPCC
shows stronger robustness against inductance mismatch while
the MMPC and classical DPCC shows larger current total har-
monic distortion (THD) and steady-state error.

II. PMSM MODEL AND CLASSICAL DPCC METHOD
A. PMSM Model
The electrical dynamics of PMSM in dg-axes can be given by

0-1 .
Udq = p"/’sdq + We [1 0 :| ¢qu + Rsiaq QY

1/)sdq = quidq + ,djqu (2)

T T . . T

where ug, = [uq uq] s Wag = [Yg 1/Jq] ,taq = [la iq] are

the V'V, stator flux linkage, and stator current in dg-axes respec-
tively, and

L R
=[5 Jona= )= [3]
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Fig. 1. Classical DPCC modulation method when optimal VV is out of linear
modulation region of SVM.

where Lg 4, 9 B and R are the dg-axes stator inductance, per-
manent magnet flux, and stator resistance, respectively. By sub-
stituting (2) into (1), and utilizing Euler’s method, the discrete
model of stator current of PMSM is obtained as

g (k) = Aigq (k+ 1) + Bigg (k) + C 3)
where
waq (k) = [a (k) ug (k)]
iaq (k) = [ia (k) ig (k)]"

are the VV and current in the kth control cycle in dg-axes,
respectively, and

a0
T Lq‘|7B
0 7

A=

Lg
R=g —welq
P
R-7

T o
C= L’e"/’f}

weLd

where T is the control period.

B. Classical DPCC Principle

In the (k+1)" control cycle, the predicted current
tqq(k + 1|k) could be derived using (3)

iqq (k+1k) = A7 (ugy (k) — Big, (k) = C). (4

For microprocessor based digital control systems, the update
of pulsewidth modulation (PWM) module is one control cycle
delayed, i.e., the desired VV implemented on the (k + 1)th
control cycle is updated on the £*" control cycle. Hence, one
can get by substituting (4) into (3) that

gy (k+ k) = Aiy, + Bigg (k+ 1K) +C (5

where wuqq(k + 1]k) is the optimal VV implemented on the

(k+ l)th control cycle and updated on the k" control cycle.
iy, is the dg-axes current reference.

C. Drawback of Classical DPCC Modulation Method

SVM is used in classical DPCC methods to modulate the
implemented VV uq, (k + 1|k) in the stationary reference frame
as uqg(k + 1|k). Classical DPCC modulation method is shown
in Fig. 1. U, ¢ are the six active VVs of three phase two-level

inverters. The amplitude of active VV is 2“;“, where 14, is the
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dc-link voltage. S is the region of all possible VVs generated
by SVM, and S- is the linear modulation region of SVM,
the radium of which is “&. When the speed is close to rated
speed and the current variation is large, the optimal VV may be
out of Sy

Uap (]4}+1|/€) % Ss. (6)
The classical modulation method reduces the amplitude of

the optimal VV down to the limitation of linear region while
maintaining the vector angle

/ Ude
o 5+ 110 = % g
Zugyg (k+1k) = Lugg (k+ 1]k) (8)

where Zu;, ;(k + 1|k) is the VV implemented instead of optimal
VV after the modulation. As shown in Fig. 1, the blue vector and
red vector are the optimal VV and the one limited by the linear
region, respectively. By substituting (7) and (8) into (4), the
current in the (k 4 2)"" control cycle is obtained

: _ a1 ((Wag (k£ 1)

tag (k+2k) = A (—Bidq k1K) —C ) 9)
One can get the uneliminated current error in the (k + 2)th

control cycle from (5) and (9) as

. . - k+1lk
q

Equation (10) indicates that the classical modulation method
in (7) and (8) not only introduces errors of stator current, but
also deteriorates the current dynamic performance.

III. PROPOSED M-DPCC STRATEGY

The linear modulation region is determined by the number of
phases, voltage levels of the inverter, and dc-link voltage, hence
the limitation of VV amplitude in (7) is maintained in M-DPCC.
In the situation of (6), the current error cannot be eliminated in
the (k + 2)" control cycle. However, the angle of VV in (8) can
be modified to try to eliminate torque error first and enhance the
torque dynamic performance.

A. Prediction Horizon Extension

Rather than the single-step prediction in the classical DPCC
method, the prediction horizon in M-DPCC is extended to a time
interval of the entire dynamic process ¢ € (0,¢), and therefore
achieve more comprehensive and optimized performance. In the
dynamic interval, if the rotor speed w, is constant as shown in
Fig. 2, one can get

0, (t) = wet + 0, (0),t € (0,8) (11)

where 6, is the electrical rotor position. ed-axis is aligned with
rotor position at the end of the interval. eg-axis is 90° ahead
of ed-axis. The transformation between dg-axes and edeg-axes
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Fig. 2. Rotor position at the end of the dynamic interval.
is obtained
C | coswe (€ —1t) sinwe (§—1t) (12)
dg=eded = | _gin g, (€ —t) coswe (€ —t)
T
Cedeqqu = qufedeq' (13)

By substituting (12) into (1) and (2), one can get the dynamic
of PMSM in the proposed stationary edeg-axes as

Uedeq = pwsedeq + Rsiedeq (14)
where
Uedeq = qu—edequdqa 7:edeq - qu—edeqidq
are the VV and current in edeg-axes, respectively, and
wsedeq = qu—edeqd)sdq
= Ledeqiedeq + qufedeqwqu (15)

is the stator flux linkage in edeg-axes, where
T
L€d€q = qufedeqqu qufedeq .

One can get the integral of 1)4¢ 4 from (14) in the time interval
t € (0,¢) as

13 13
'(/}sedeq ’g - /0 uedeth - Rs /0 iedeth- (16)

Substituting (12), (13) and (15) into (16), one can get

Ligtedeq (6) — Legeq (0) fedeq (0) * wf [_Si??u(}fg)g)]

3 3
= / Uedeqdt — Ry / Ledeqdt. 17
0 0

Utilizing Newton—Cotes formula to R f(f Tedeqdl as

R. /5 oot — ng":edeq () ;‘iedeq (0) (18)
and substitutin; (18) into (17), one can get
Gedeq (§) = 07" /0 5 Uedeqdt — Vedeq (€) (19)
where
g ©) =i (07 | 5] - o2ty )
and

g1 = (qu + §R5> , 09 = <Ledeq (0) — gRS> .
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Equation (19) indicates that the edeq-axes current at the end of
the interval is only related to the integral of edeg-axes VV within
the interval and the initial state at the beginning of the interval.
Hence, mean value theorem of integrals can be introduced as a
simplification to (19)

iedeq (5) = Uflfﬁedeq — Vedeq (5) (20)

where

'aedeq - [ Ued (ged) Ueq (geq) ]Ta ged,eq S (07 5)

and the amplitude limitation of .q., 1S given by utilizing

Cauchy—Schwarz inequation as
13 2 %
+ (/ Ueq (1) dt> )
0

ficdeq] < 2(( / a1 dt)

< \}g(/oé (ued<t>2 +ueq(t>2) dt)é =u (1)

where u = “4¢ by substituting limitation (7). Note that the
equality of (21) is established if and only if it meets the condition
that

2

=

Uedeq (t) = ﬁedeqa te (Oa 6) . (22)

It indicates that the VV within the time interval must maintain
constant to reach maximum variation of the stator current.
Hence, the current dynamics of PMSM within a flexible time
interval can be predicted from (20) rather than (4) for classical
DPCC method which only makes a constant single-step predic-
tion.

B. Principle of Multistep Deadbeat Method

To achieve optimal dynamic performance, a multistep dead-
beat method is proposed. Within the time interval ¢ € (0, £), the
torque of the PMSM is given by

T () = 25 hrig )+ (Lo~ L) ia ()ig (1)) @3)

where P is the number of pole pairs. When ¢ = &, substituting
(12) into (23), one can get the torque in the form of edeg-axes
current as

To(€) = 28 (i (€) + (La — Ly) iea (€) g (6)).

Substituting (20) into (24) one can get

1. ngaed quﬁeq ) (quaeq )
Te(©) ’“l(—ved@)(—veq(s) e o, (©)
(25)

where

(24)

3P(Ls— L) 3Py
ki = ey =
2L4L, 2L,
2Ly 2L4
Td —

2Lg+ R 2L, + RE

Assume that the torque reference is written as 7. The torque
error is eliminated at the end of the interval when ¢t = £ as

fr=T.(§) T =0. (26)
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To achieve optimal dynamic performance, the torque error
must be eliminated first, i.e., should be minimized by introducing

Lagrange multiplier method as
F=¢+x(a2; + a2, — u) 27

where limitation in (21) is substituted, Fis the Lagrange function
and X is the Lagrange multiplier. To minimize £ , one can get

OF __  9¢

ou d  ou d + 2)\'7’16d = 0
OF _ 9 | 93y = 0 (28)
Dfieq  Ofieg eq
oF —a2,+ a2, —u>=0
where
9 _ _Ofh OhH 06 Of 0N
Oleq Deq" O Olieg Qg O
and

2 = firg€ (ry€iteg — Veg (€))

of

Doy

= kiTg€ (Tatied — ved (§)) + kpTeé-

One can get from (26) and (28) the system of nonlinear
equations in the interval as

fi = <kz (ngﬂed — Ved (5)) (quﬂeq — Veq (f)))
' thip (T4€licq — Veq (§))
-T:=0
f2 _ (kdef (quﬂeq — Veq (5)) ﬂeq ) :
_kiqu (ngﬂed — Ved (5)) ﬁed - kp’rqgaed
=0
fs=uZ, i, —u* =0

(29)
Equation (29) indicates that once the torque reference is given,
the optimal V'V can be solved and the torque error can be elim-
inated as soon as possible. Newton—Raffson (N-R) algorithm
is introduced to directly solve (29). To simplify the calculation,
one can get the Jacobi matrix of (29) while the resistor equals
Zero as
ofr 0fr Ofr
€ Dligq g
G — | 22 25 0f
1= | 9 Dugq Oueq

Ofs  Ofs
9 Diteq Dtieg

(30)

N-R algorithm is obtained as

-1
LB+ _ (k) ,Gl(f(k)yﬁg;)eq) f(§<k>,ﬁg’;)€q) 31
where
T
o® = [¢9 ) ] .1 =[5 fo 1]

For surface-mounted permanent magnet synchronous ma-
chine (SPM), (29) can be further simplified to

fl = kp (quaeq — VUeq (6)) - T: =0
f2 = _kaqgaed =0
I3 =ﬂ§d+ﬂ§q—U2 =0

(32)
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Uegeq can be directly solved as

o uTr>T.(0)
Ueq = 0, Ueqg = { —u, T? < T, (0) ° (33)
Hence, (31) can also be simplified as
(k)
§(k+1) _ é—(k) _ fl (5 ) (34)

0f1/0¢

The performance of N-R algorithm is essential to the com-
putation amount of M-DPCC. To enhance the efficiency of N-R
algorithm and reduce iterations, the initial value of (34) is chosen
as

Lq(i’&*iq(o)) x .
5(0) _ ufwe(wf-ELdid(O)))fRiq(O)’Zq > iq (0) (35)
Lq(i5—14(0) e
—u~we(Y+Laia(0))—Rig(0)’ tq <lq (0)

where i is the g-axis current reference.

As the ed—eq current vector during multi-step deadbeat pro-
cess is based on (20) and (33), there exists inter-coupling com-
ponent in the ed-axis. By transforming from ed—eq axis to d—q
axis using (13), the intercoupling component can be observed in
d-axis in the transient state.

C. Current Error Elimination Process

When the torque error is eliminated through multistep dead-
beat method, the regulation of current error is also required to
achieve maximum torque per ampere (MTPA) control. Hence,
in the current error elimination process, the amplitude of current
vector is reduced while the torque is maintained stable, i.e., the
trajectory of current vector must be on the constant torque curve
of the PMSM. Assume that the multistep deadbeat process is
over

T, (k+1lk) =T" (36)

whereas the current errors are not eliminated. The optimal V'V to
eliminated the errors is given by (5). When u,5(k + 1|k) € Sa,
the current error can be eliminated in one control cycle. However,
whenu,g(k + 1|k) ¢ S2 multiple control cycles multiple steps
must be considered and torque is maintained constant as

{f4:Te(k:+2|k)—T;:o 37

fs = ug(k +11k)* +ug(k +1k)> —u2 =0 "

The Jacobi matrix of (37) is given by

5

Fua(h+1[F) Fug(h+1F)

o akf4 k) O 8kf4 k
Gy = “d(af‘:” ) qu‘}f+1| )| (38)

N-R algorithm can be implemented as

wgq(k + 1|k)* D
wag(k 4 1)k)*
—1
G (b + W™ R (g + 110 )
(39)
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TABLE I
PARAMETERS OF THE TESTED SPM AND DRIVE

Parameter Value
Stator Resistance 35Q
Stator Inductance 7.68 mH
Permanent Magnet Flux 0.06165 Wb
Number of Poles 8
Rated Speed 800 r/min
DC-link Voltage 48V
Control Period 100 uS
M-DPCC
Multi-step
Deadbeat
- i [I)nytnamilc Eq. (33) ode:
Estir::t?on
Eq. (35) Classical
0,,w. DPCC
e Eq. (5)
Bane % %y
Current Error
Elimination
Eq. (40)

Fig. 3. Diagram of the proposed M-DPCC.

where h = [ f1 f5 ]T. For SPM, wuqq(k + 1|k) can be directly
solved from (37) as

uq (k +1|k) = Ryig (k + 1]k)
+deeid (:ZC + 1‘]13) + ’lZ)fwe
U, iq (k + 1|k)

< 0
. d
uq (k+ 1lk) = {_ud,id (k+1]k) >

where ug = \/ u? — u,(k + 1|k)*. Equation (40) indicates that
in the current error elimination process, when the optimal VV
is out of the linear modulation region, only d-axis stator voltage
is limited while g-axis voltage is maintained. Thus, in SPM the
g-axis current, i.e., the torque maintains stable.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Simulations based on MATLAB/Simulink and experimental
results for the torque performance improvement of M-DPCC
compared to the classical DPCC are carried out in this section.
The SPM motor and its drive parameters are given in Table I. The
control diagram of M-DPCC is shown in Fig. 3. The dynamic
interval is estimated first. If ¢ > T , itindicates that the dynamic
process consists of multiple control period, the multi-step dead-
beat method is implemented and the optimal VV of the entire
dynamic process is applied to the motor. If ¢ < T , it means
the torque error can be eliminated in one single control cycle,
the multistep deadbeat process ends and control objectives
change to the elimination of current errors.

When the optimal VV of classical DPCCu, ¢ So , which
means the current error cannot be eliminated in one control cycle,
(40) is implemented to stabilize the torque within the current
error elimination process. Finally, when w4, ¢ S5, which means
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Fig. 4. Simulation results of current dynamic performance at 600 r/min,
current reference is 2.3A. (a) Classical DPCC. (b) Modified deadbeat predictive
current control.

Stator Voltage (V)

-40
5 6 7 8 9 10 1"
(b) Time (ms)
Fig. 5. Simulation results of stator voltage at 600 r/min, current reference is

2.3 A. (a) Classical DPCC. (b) Modified deadbeat predictive current control.

the optimal VV of classical DPCC is in the linear region of SVM,
the classical DPCC method can be directly implemented and the
motor reaches steady state.

There are three reasons why the proposed method was de-
signed to be combined with classical DPCC. First, the deadbeat
method shows better dynamic and steady-state performance
than classical simple methods, such as PI-SVM. Also, classi-
cal methods such as PI requires parameters tuning, while the
deadbeat method is based on the motor model with no other
parameter tuning. In addition, deadbeat control methods have
many advantages, such as lower computation complexity than
methods based on FCS-MPC, and it was simple and stable to be
combined with the proposed M-DPCC together.

A. Simulations

Comparative simulation results are carried out in Figs. 4 —7.
In Figs. 4 and 5, the SPM was set at constant speed of 600 r/min
with no load in initial state. A step current of 2.3 A is applied to

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022
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ig. 6. Simulation results of current dynamic performance at 800 r/min,
current reference is 1.2A. (a) Classical DPCC. (b) Modified deadbeat predictive
current control.
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-40 . :
5 6 7 8 9 10 11
(b) Time (ms)
Fig. 7. Simulation results of stator voltage at 800 r/min, current reference is

1.2 A. (a) Classical DPCC. (b) Modified deadbeat predictive current control.

the motor at 5 ms. The current dynamic response using classical
DPCC is shownin Fig. 4(a). Note that only the sampled current at
each control cycle is plotted on the figure and the current ripples
between sample points are ignored. The g-axis current error was
eliminated at 10 ms, which means the current transient state
consisted of 40 control cycles. During the dynamic interval, the
d-axis current was regulated to maintain zero. After the dynamic
interval, the motor entered steady state and MTPA, i.e., id = 0
control strategy of SPM was implemented.

The current dynamics of the proposed M-DPCC is shown
in Fig. 4(b). Compared to classical DPCC, the d-axis current
had a flux-weakening component during the dynamic interval,
which improve the dynamic performance of the g-axis current.
The g-axis current error was eliminated in 30 control cycles,
which is 25% faster than classical DPCC. The VV in a-axis in
the dynamic interval is shown in Fig. 5. For classical DPCC,
when faced with current reference variation at Sms, the VV
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Connections Lost
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PREVIOUS SCREEN MORE

Fig. 8. Experiment rig. (a) Load motor. (b) Test motor. (¢) DSP TMS320-
F28335. (d) DC supply input. (e) Inverter.

of classical DPCC must be limited in the SVM linear region.
Hence, only the amplitude of VV increases while the angle
maintains, as explained in (8). For M-DPCC, when faced with
limitation, the angle of VV changed to optimize the torque
dynamic performance, which is shown in Fig. 5(b). According
to (22), the optimal VV maintains constant in the entire dynamic
interval. However, the angle of the optimal V'V slightly changed
during the interval due to the small rise in the rotor speed.
Another simulation of current response is shown in Figs. 6 and
7. The motor was at 800 r/min and no load in the initial state. A
step current of 1.2 A is applied to the motor at Sms.

Comparison of the g-axis current dynamic performance be-
tween the classical DPCC and M-DPCC indicates that at this
operating point, M-DPCC improves the torque dynamic perfor-
mance by 33%. Both simulations reflect that M-DPCC shows
good torque dynamic improvement of the tested SPM around
rated speed and rated load.

B. Experimental Results

The performance of the proposed M-DPCC, classical DPCC
and MMPC in [36] are investigated experimentally. The ex-
perimental setup is shown in Fig. 8. The system consists of
the load motor, the test SPM motor and the converter with
TMS320F28335 digital signal processor (DSP). The nominal
parameters of both motors are the same as given in Table I.
Parameter sensitivity is a big issue for DPCC methods. The stator
inductance is sensitive to stator saturation which is caused by
stator currents. It is most variable and may cause reduction of
steady- and transient-state performance. However, the motor in
the experiment is a servo motor. One the one hand, the rated
condition of servo motors on B—H curve is usually set lower
to avoid too much saturation to maintain control performance.
Hence, the variations of the parameters between no-load and
rated-load in our case is small. One the other hand, the same
parameter given in Table I will be used in the proposed M-DPCC
and tested in a wide working range including maximum current
condition to ensure the robustness of the proposed method. In
addition to that, the comparative experimental results of the
three methods under motor inductance variation between -50%
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Fig. 10. Experimental results of current dynamic performance at 800 r/min,

load current reference is 1.2 A. (a) Modified deadbeat predictive current control.
(b) Deadbeat predictive current control. (¢) Modulated model predictive control.

to +100% are also carried out to verify the robustness of the
proposed method to motor inductance variation.

1) Dynamic Performance: Comparative experiments of clas-
sical DPCC, M-DPCC, and MMPC in the transient state are
shown in Figs. 9 and 10. In Fig. 9, the load motor kept the
constant speed of 600 r/min and then the load current of 2.3 A
was applied to the test motor at 5 ms. For classical DPCC and
MPCC, the g-axis current reaches its reference at 9 ms, and
the d-axis current remained close to zero during the dynamic
interval. For the proposed M-DPCC, the g-axis current reached
its reference at 8 ms, which is 25% faster than both classical
DPCC and MMPC.

The dynamic response of the proposed M-DPCC is shown
in Fig. 9(a). There was inter-coupling between the d-axis and
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g-axis current, as the flux-weakening current component was
introduced during the interval. It improved the dynamic per-
formance of g-axis current. As the intercoupling decreases the
torque per ampere ratio in the steady state, the d-axis current
was eliminated in the steady state. Hence, in the steady state,
there was no intercoupling between the d-axis and g-axis current.
Because the intercoupling only occurred in the transient state,
the copper loss and efficiency loss can be ignored. MTPA can be
achieved in the steady state to reduce copper loss and improve
motor efficiency.

Similarly, the test motor was operated at 800 r/min, as shown
in Fig. 10. The M-DPCC achieved 50% improvement of g-axis
current response compared with classical DPCC and MMPC.

For the lower speed and largest load, M-DPCC, classical
DPCC and MMPC performance have similar dynamic perfor-
mance, Fig. 11 . MPCC reached g-axis current reference at
9.5 ms while classical DPCC and M-DPCC reached reference
at 10 ms.
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from DSP data. (a) Modified deadbeat predictive current control. (b) Deadbeat
predictive current control. (¢) Modulated model predictive control.

A comprehensive investigation of the torque dynamic perfor-
mance of M-DPCC and classical DPCC are carried outin Fig. 12.
Operation conditions between 600-800 r/min and 1-2.3 A are
tested to certify the dynamic performance of the proposed M-
DPCC and its robustness to motor parameters variations in wide
range operations. In rated speed and heavy load operation area,
M-DPCC shows linear relation between response time and load,
while the dynamic performance of classical DPCC decreases
rapidly. Evident dynamic performance improvement up to 50%
is achieved using M-DPCC.

The extra d-axis current in the dynamic interval of M-DPCC
may cause overshot in the current vector magnitude compared
to classical DPCC which maintains the d-axis current to be
zero. Hence, no overshot in the current vector magnitude occurs.
The amplitude overshot of M-DPCC in rated area is shown in
Fig. 13. In rated speed and heavy load area, the current vector
amplitude overshot is up to 110%, in low speed and low load
area, as the dynamic improvement of M-DPCC decreases the
overshot caused by d-axis current decreases at the same time.
The overshot happened after the g-axis current error had been
eliminated while the d-axis current error had not, and the g-axis
current maintained stable during the d-axis current regulation.
Therefore, the overshot will not cause torque ripples.

2) Steady-State Performance: All the three method, M-
DPCC, classical DPCC and the latest MMPC achieved SVM
modulation in the steady state, therefore, the performance of
current ripple, torque ripple and current THD are similar. Com-
parative experiments of the three methods are carried out in this
section, in the form of both DSP recorded data and oscilloscope
figure.

First, the test motor ran at very low speed without load.
As shown in Fig. 14, the proposed M-DPCC, classical DPCC
and MMPC performed similarly at low speed and low current
reference. Besides, the results of low speed and torque values at
100 r/min, 1 A are carried out in Fig. 15. The current errors and
current ripples of the three methods were similar.
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Fig. 17.  Steady-state performance at 400 r/min with largest 4 A load current,
from oscilloscope capture. (a) Modified deadbeat predictive current control.
(b) Deadbeat predictive current control. (c) Modulated model predictive control.

Another big issue for MPC is parameter variations when
working condition changed. Therefore, the largest current of
4 A was added to the test motor under 400 r/min. As shown in
Figs. 16 and 17, all three methods performed similar when faced
with large current and maximum inductance variation caused by
current.

Steady-state performances of the three methods under rated
condition were also tested. Motor ran at 600 r/min with 2.3 A
rated current. The rated condition performances of the three
methods are shown in Fig. 18. The proposed M-DPCC, classical
DPCC and MMPC all performed stable in speed ripples and
current errors.

To validate the steady-state performance of the three methods,
steady-state phase current THD and g-axis current error at
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400 r/min are acquired by digital power meter YOKOGAWA
WT1600. As shown in Fig. 19(b) , the phase current THD of
MMPC was higher than M-DPCC and classical DPCC, while the
phase current THD of M-DPCC and classical DPCC maintained
at the same level. In Fig. 19(a), the g-axis current steady-state
error decreased when the current amplitude rose. It is because
the PMSM model became less accurate when faced with small
current and low duty ratio of PWM modulation. Insulated gate
bipolar transistor voltage drop, PWM switching deadband and
other reasons caused by the inverter might influence the accuracy
of PMSM model. When current reference rose, the steady-state
errors of the three methods decreased similarly.

3) Parameter Sensitivity: Parameter sensitivity is another
important issue in DPCC methods as the motor parameters have
significant influence on predictions and evaluations. The stator
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inductance can be affected by the winding current at different
working condition. Therefore, the FE analysis of the test motor
based on IMAG were carried out to show the inductance varia-
tion, as shown in Fig. 20. The maximum magnetic flux density
can reach 1.4T at largest load. Besides, the variations of the
d-axis and g-axis inductance in the test motor are less than 4%
at different working condition.

Then, the inductance mismatch varying from -50% to +100%
was used in the three methods to show their robustness. It
was more severe than the FE results. Fig. 21 shows that when
the inductance mismatch was within -50% to +70%, all the
three methods maintained stable operation. But, when the in-
ductance variation was beyond +70%, the THD and the error
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of the MMPC increased rapidly and MMPC was out of stable
operation range beyond 4+-80% inductance mismatch. When the
inductance mismatch was at +100%, classical DPCC was out
of stable operation range with increased THD and g-axis cur-
rent error. However, the proposed M-DPCC maintained stable
operation at +100% inductance mismatch. The THD and error
were smaller than classical DPCC and MMPC. It indicates that
the proposed M-DPCC was more robust than classical DPCC
and MMPC in terms of inductance mismatch. Besides, the
steady-state current using the three methods with inductance
mismatch was captured by oscilloscope, as shown in Fig. 22. The
proposed M-DPCC showed lower ripples in d-axis and g-axis
current.
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4) Computation Complexity: Another important issue is the
computation burden of the proposed M-DPCC. Computation
time is displayed in Fig. 23. The M-DPCC, classical DPCC and
MMPC are run on DSP 28335 and the control frequency is set
to be 10 kHz. A general purpose input/output pin is set when
the computation started and reset when the computation was
over. In comparison, computation duty cycle of the proposed M-
DPCC Was 34%, the classical DPCC was 15.6% and the MMPC
was 45.8%. the classical DPCC and the MMPC are both single-
step MPC methods, but classical DPCC which enabled explicit
evaluation had lower computation complexity. The proposed M-
DPCC achieved adaptive prediction horizon but the computation
complexity is 25% lower than the latest MMPC method.

V. CONCLUSION

This article proposes a modified DPCC method to improve the
dynamic performance of PMSM when there is lack of stator volt-
age under rated speed and heavy load conditions. The proposed
method achieved such improvement by adaptively extending the
prediction horizon to the entire dynamic interval. The additional
computation burden caused by the extension was optimized and
reduced by explicit evaluation. The VV angle of DPCC is then
optimized and implemented within the dynamic interval. Such
operation produces flux weakening current component only
under the transient state and can be eliminated in the steady
state. The dynamic performance was proved through compar-
ative experiments with classical DPCC and the latest MMPC
methods. When the optimal VV is inside the linear region of
SVM, M-DPCC has the same performances as classical DPCC
and MMPC. When overmodulation is required, optimal VV
can be applied and the dynamic performance can be improved.
Also, the proposed M-DPCC was experimentally proved more
robust to severe motor inductance variation than the other two
methods, in steady-state phase current THD and g-axis current
error. The dynamic response of M-DPCC is over 40% faster than
the MMPC and classical DPCC in heavy load condition. Besides,
the stable operation range under parameter mismatch is 50%
larger than the M-DPCC. Furthermore, the computation time
of M-DPCC was reduced by 25% compared with MMPC. The
proposed method can be further extended to interior PMSMs.
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