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~ An Improved Deadbeat Predictive Current
Control With Online Parameter Identification
for Surface-Mounted PMSMs

Yu Yao
Jianning Dong

Abstraci—In this article, an improved deadbeat pre-
dictive current control (DPCC) method with parameters
identification for surface-mounted permanent magnet syn-
chronous machines (SPMSMs) is proposed. With the pro-
posed DPCC method, zero steady-state current error and
deadbeat dynamic current response could be achieved,
even with inaccurate initial motor parameters. On basis of
the conventional DPCC method, a novel parameters identi-
fication for the stator resistance and inductance is devel-
oped, which is the main contribution of this article. The
proposed parameters identification method works based on
a reconstructed characteristic vector from the disturbance
observer with current injection. Compared with traditional
recursive-least-square methods, the proposed method can
be implemented with greatly reduced computation burden.
Additionally, since the design is established based on the
fully discretized model, the effectiveness will be guaranteed
on both low-frequency and high-frequency motors, which is
a significant advantage of the proposed method.

Index Terms—Deadbeat predictive current control
(DPCC), disturbance observer, parameters identification,
surface-mounted permanent magnet synchronous
machines (SPMSM).

[. INTRODUCTION

ENEFITING from its advantages of high efficiency, high
power density, and excellent control performance, the per-
manent magnet synchronous machine (PMSM) has been widely
used in applications such as robot joints, industrial servo motors,
and actuators. Fast and accurate response is usually required for
these applications. Therefore, as the most inner control loop of
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the system, the dynamic and steady-state performance of the
current control loop is very important for the whole system.

The design of the inner current controller has been extensively
researched, various controller methods such as proportional-
integral controller [1], [2], state-feedback controller [3], [4],
and predictive current control [5]-[8] have been proposed and
improved. Among these control methods, the predictive control
(PC) method is gaining popularity because of its simple structure
and good control performance. According to [9], this kind of
control method is classified into two categories: 1) direct PCs
and 2) indirect PCs. For the direct PCs, the status of the power
switches are controlled directly and no modulator is used. On the
contrary, for the indirect PCs, the pulsewidth modulation (PWM)
is implemented and the calculated optimal voltage vector can
be generated with arbitrary phase and magnitude. Since the
PWM is widely used with less current harmonics, this article
focuses on the indirect PCs. The indirect PC mainly contains
continuous control set model PC (CCS-MPC) and deadbeat
predictive current control (DPCC).

The CCS-MPC aims to predict and optimize the voltage
command vector to achieve the minimization of the designed
cost function at the next sampling period. Small steady-state
error and good robustness against the disturbance is achieved.
But the effectiveness of the optimization relies on the accuracy of
the model parameters. With mismatched parameters, the control
performance will be deteriorated. Additionally, the prediction
and optimization at every sampling time is computationally
heavy, which limits its application. The DPCC method calculates
the command voltage based on the discrete-time model [10].
With accurate model parameters, the ideal deadbeat response
and zero steady-state error can be achieved at the same time.
However, its control performance is extremely sensitive to the
model parameters. Because of the errors in the manufacture and
assembling progress, there will be mismatch between the real
motor parameters and parameters used in the controller. With
mismatched parameters adopted in the DPCC, steady-state error
and undesirable overshoot may appear. To improve the deteri-
orated performance resulting from mismatched parameters, the
conventional DPCC has been modified in many papers.

In [11], a predictive current control method with current
error correction and current-regulated delta modular is proposed.
The current error resulting from inaccurate model parameters
is reduced, and fast dynamic response is achieved. In [12],
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a discrete-time deadbeat direct torque and flux controller for
interior PMSMs is developed with stator current and stator flux
linkage observer. The effect of the digital delay is eliminated and
the deadbeat torque and stator flux linkage control is established.
In [13], an improved DPCC method with a unified high-order
sliding-mode observer is designed in order to estimate the dis-
turbance in the current loop. The robustness and the tracking
accuracy are improved. In [14], an improved DPCC method
of the PMSM with sliding-mode stator current and disturbance
observer is proposed. The effect of the digital delay is eliminated
by the prediction of the stator current. Besides, the robustness
and the control accuracy is enhanced by the compensation of
the disturbance. In [15], a novel oversampling DPCC method
implemented by field-programmable gate array (FPGA) is de-
signed. A disturbance observer is used to achieve high control
bandwidth and robustness to parameter variation.

The DPCC methods mentioned above can enhance the control
accuracy and the robustness with the mismatched parameters.
But they all aim at compensating of the voltage difference
caused by the parameters mismatch. Therefore, the ideal DPCC
response still could not be achieved. In [16], an improved
DPCC method with model reference adaptive system (MRAS)
parameter [permanent magnet (PM) flux and stator inductance]
identification is proposed. Therefore, the parameter mismatch
problem of the PM flux and the stator inductance solved. But the
identification of the stator resistance is not considered. In [17],
an adaptive robust DPCC method with Luenberger observer
and online inductance identification is developed. Besides, mul-
tiple parameter identification methods have been investigated
by many papers [18]-[21] and most of them are based on
recursive least square (RLS) algorithm. The convergence of the
estimated parameters in these methods cannot be guaranteed and
the heavy matrix computation is also undesirable. Additionally,
the proposed method are based on the model approximately
discretized by forward Euler method. Therefore, when the op-
erating frequency is adequately high, this method is no more
effective.

In order to solve the aforementioned problems, this article pro-
poses an improved DPCC method with parameters identification
for surface-mounted permanent magnet synchronous machines
(SPMSMs). On basis of the conventional DPCC method con-
sisting of a PC law and a disturbance observer [14], as the main
contribution of this article, a novel parameters identification for
the stator resistance and inductance is proposed and has the
following improvements.

1) The proposed parameters identification method works
based on a reconstructed characteristic vector from the
disturbance observer with current injection. It can be
implemented with greatly reduced computation burden
compared with the traditional RLS methods.

2) The design of the proposed control method is established
based on the fully discretized model, which is more
accurate than the conventional approximately discretized
model. Therefore, the effectiveness will be guaranteed
on both low-frequency and high-frequency motors. How-
ever, the RLS methods may be difficult to be realized with
the fully discretized model.

With the estimated parameters adopted, the parameter mis-
match problem is essentially solved and the ideal deadbeat
response is achieved. Finally, the effectiveness of the proposed
DPCC method is validated by the simulation and experimental
results on a 133.3 Hz motor and a 1.33 kHz motor with 10 kHz
sampling frequency.

Il. SPMSM MODEL

In this section, the discrete-time model of the SPPMSM is
developed in the o3 stationary frame and the dg synchronous
frame. The continuous-time state-space model of the SPMSM

Liaa(t) = Ads (1) + B (vas(t) —eas(t)) ()

and
eas(t) = w¥[—sinb, cosh.]”
d
@eaﬁ(t) = wleys(t) (2)
with
-0 L0 0 -1
0 -2 0 1 10

where R is the winding resistance and L is the stator induc-
tance. inp = [ia ig]” the stator current, Vs = [v, vs]T the
VSI output voltage; e,s = [eq es]” the back electromotive
force (EMF); w the rotor electric angular speed; 6, the electrical
rotor position; and W the flux linkage from the permanent
magnet.

According to [22], the extended state-space model with (1)
and (2) augmented is derived as

iap(t)

ool Lo
@ loas®)] [0 w3 ] eas(t)

and the fully discretized form of (3) derived using the zero-order
hold method can be expressed as

-B
wdJ

B

ORNE
OVB() 3)

lag(k + ].) _ G1 G2 lag(k) + H1 Vaﬂ(k)
eag(/{? + 1) 0 Gs eag(k) 0
)
with
G, =21 H, =yl
cos(wT') —sin(wT dy —d
G, = WD) Wl = |1 =) )
sin(wT)  cos(wT) dy dy
_ Ry 1— 6_%T
r=e =—F5
g — (x — cos(wT))R — sin(wT)wL
e R? + w212
g = — (z — cos(wT))wL + sin(wT)R ©)
2= R2 + w22

where T is the sampling period and I is the unit matrix.
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Fig. 1. Proposed DPCC structure with a sliding-mode disturbance

observer and parameters identification.

To obtain the discrete-time model in the rotor synchronous dg
reference frame, using coordinate transformation, the discrete-
time model in the dq reference frame is derived as

igq(k + 1) = Gigy(k) + Hvyy (k) + Fegqy(k) @)
where i4, = [iq g7, Vag = [Va v4)T, €qq = [0 w¥]T and
G=T,GH=T H,F=T,G,

cos(w(k)T)
—sin(w(k)T)

B sin(w(k)T)
Tr= cos(w(k)T)

Ill. PrRoPOSED DPCC METHOD

In this section, a novel DPCC method is proposed. The
proposed DPCC structure is shown in Fig. 1, which consists
of the DPCC law, a sliding-mode disturbance observer, and the
parameter identification part. Especially, the parameters (R and
L) identification part will be executed only when the driven
motor is on the steady state, which indicates that w and ¢, stay
unchanged. After the estimation of 12 and L converges, this part
will be bypassed until the next execution starts.

A. DPCC Law

Based on (7), the discrete-time model with the mismatched
parameters adopted is derived as

igg(k +1) = Gigy(k) + Hvgy (k)
+(G = G)igg(k)+(H — H)vgy (k) + Fegyy (k)

p(k)=[pa(k) pq (k)"

®)

where G and H are matrices with the estimated stator resistance
and inductance. These matrices are not related with the PM flux
linkage.

In addition, the mechanism of the PWM implementation is
shown in Fig. 2 and the one-sampling-period delay in the fully
digital controller is modeled as

qu(k’ + 1) = Trvdq_ref(k) = qu(k) ©)

where V4, rf is the reference voltage vector and v, is the VSI
output voltage. v:;q(k) is defined aiming at marking briefly. In
order to compensate the digital delay, (8) should be modified
based on the k 4 1 step and k + 2 step and there is

igq(k +2) = Gigg(k + 1) + Hv, (k) + p(k +1).  (10)

|
|
" Computation | I‘. Computation |

lvfw(kn lvj,,/(kn) 1vfw(k+2)
| |

- —— -

i, (k+1)
Update Vr,q (k)

i, (k+2) i, (k+3)
Update V,, (k +1)  Update V,, (k +2)
Fig. 2. Mechanism of the PWM implementation.

Normally, the current reference i4grer(k + 2) is known in ad-

vance and the ideal deadbeat current control law could be
obtained as

szq(k) = H_l(idqref(k +2) = Gigg(k+1) — p(k +1)).

Y
This control law consists of the predictive current iz, (k + 1),
which could not be obtained directly. In [14], a predictive current
item idq(k + 1) from a disturbance observer is used to replace
iqq(k + 1). However, in this article, iqqrer(k + 1) is adopted in
the control law instead of igq(k + 1). Besides, a disturbance
observer is designed to estimate p (k). Considering the estimated
disturbance at k£ + 1 step cannot be obtained directly, therefore
the predictive current control law is modified as follows:

Vi (k) = H (fagres(k + 2) — Giagret(k + 1) — p(k)) (12)

where p(k) is the estimated disturbance of p(k), which can be
obtained by the disturbance observer. The disturbance observer
will be introduced in next section.

B. Sliding-Mode Disturbance Observer

A discrete-time sliding-mode observer is designed to estimate
the disturbance caused by the parameters perturbation and the
back EMF. Based on (8), the sliding-mode disturbance is devel-
oped as

igg(k +1) = Gigy(k) + Hva, (k) + p(k) (13)

where idq and p are the estimated current and disturbance,
respectively. The error-dynamic equation can be obtained by
(8)—(13) and there is

Lg(k +1) = Gigg(k) + b(k) — p(k) (14)
where 144 (k) = igq(k) — iaq (k).
The switching function is defined as
s(k) = [sa(k)sq(k)]" = Ciay(k) (15)

where C € R?*2 is a diagonal matrix with arbitrary eigen-
values. Since the design of the sliding-mode disturbance ob-
server is not the main concern, a nonswitching reaching law is
implemented as

s(k+1) =Qs(k) + C(p(k —1) —p(k))  (16)

where Q € R?*? is a diagonal matrix with both eigenvalues
inside the unit cycle. A denotes the switching gain and is positive.
Combing (14), (15), and (16), the attraction function of the
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p(k) and p(k) — p(k — 1) with accurate parameters (R and L) when a motor (see Table |) accelerates up to 133.3 Hz. (a) pq(k) and pq (k).
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Fig. 4.
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(d

p(k) and p(k) — p(k — 1) with inaccurate parameters (0.5R and 0.5 L) when a motor (see Table |) accelerates up to 133.3 Hz. (a) pq(k)

and pq (k). (b) pa(k) — pa(k — 1). (¢) pq(k) and py(k). (d) py(k) — pq(k — 1).

TABLE |
PARAMETERS OF THE TESTED Low-FREQUENCY MOTOR

Symbol Parameter Value
R resistance 220
L inductance 5.5 mH

Upc DC bus voltage 300 V
poles poles 8
nn the rated frequency  133.3 Hz

sliding-mode observer is

p(k) = C'Qs(k) — Gigg(k) +p(k—1) (17
and based on (14), p(k — 1) is obtained by
p(k —1) = Gigy(k — 1) + p(k — 1) — igy(k) (18)

Additionally, for the closed-loop system formed by the error
dynamic (14) and the attraction function (17), the state of the
switching function can be obtained by solving the difference
equation (16) as

s(k+1) = Q"s(1)
k—1
+) QCpk—j-1)—pk—7) 19
=0

where s(1) = Qs(0). Because the eigenvalues of the matrix Q
are inside the unit cycle, the item Qk tends to zero matrix, which
indicates Q¥s(1) has to converge to zero vector. Therefore, the
convergence of the s(k) depends on the performance of the
p(k — 1) — p(k).

Figs. 3 and 4 show the performance of p(k), p(k), and
p(k) — p(k — 1) when a motor accelerates up to 133.3 Hz. The
parameters of the tested motor are listed in Table I. As shown in
Fig. 3, when the accurate parameters (R and L) are adopted, the
p(k — 1) — p(k) is adequately small and tends to zero. Based
on (19), the s(k) will stay within a negligible band and finally

converge to zero. In that case, the p(k) can be well estimated by
the p(k).

Besides, the parameter mismatch is also considered. It is
worth noting that G and H are matrices with the estimated
R and L, which is unrelated with the W. It indicates that the
PM flux linkage ¥ is not used in the proposed method and the
parameter mismatch possibly occurs on R and L. In Fig. 4, with
the inaccurate parameters (0.5 R and 0.5 L) adopted, the p(k) is
also well estimated by the p(k). Therefore, the sliding-mode ob-
server works well to estimate the p(k) even with the inaccurate
parameters.

C. Performance Analysis of the Proposed Method

1) With Accurate Parameters: When the accurate R and L
are adopted, as shown in Fig. 3, the p(k) = Feg, (k) is closely
related with the back EMF and varies slowly. Therefore, it can
be well estimated by the p(k). Besides, igq(k + 1) = iagrer(k +
1) holds. Therefore, the ideal deadbeat response of the current
tracking system is achieved.

2) With Inaccurate Parameters: When the adopted R and
L are inaccurate, in Fig. 4, the p,(k) varies quickly at the
beginning because of the mismatched parameters. The p,(k)
gradually converges to p, (k), which indicates the ideal deadbeat
current response cannot be achieved.

Substituting (9) and (12) into (10), the dynamic response of
the current tracking system can be obtained as

i4q(k + 2) = Giag(k + 1) + iagrer(k + 2)

— Giggrer(k +1) = p(k) + p(k + 1) (20)
and by solving this equation, there is
eidq(k‘ + 1) = eridq(1>
k=1
+ Gp(k—j) —plk—j—1) @D
j=0
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1 t1, it can be obtained that
3

= A1 s A1

O P . M(ty) = — G5 Guigg(ts) — G5 Hivay (1)
1 :lm(k)

A1

0 + G2 Gzedq(tl). (25)

Fig. 5. iq and 44 with inaccurate parameters (0.5R and 0.5 L).

where e;4, = igq — idqqrer denotes the current tracking error vec-
tor. Additionally, all the elements of G is less than 1 and, thus,
G* tends to a zero matrix. So the control performance of the
proposed method depends on the p(k + 1) — p(k). As the anal-
ysis mentioned above, the p(k + 1) — p(k) varies slowly and
converges to zero. Besides, because of the disturbance observer,
the p(k) will be well estimated by the p(k). In that case, the
p(k + 1) — p(k) is also gradually decreasing and tends to zero
vector. Therefore, the current tracking error will converge to
zero. As shown in Fig. 5, because of the mismatched parameters,
the ideal deadbeat response cannot be achieved. But with the
help of the sliding-mode disturbance observer, the voltage drop
caused by the mismatched parameters is well compensated and
the static tracking error is eliminated.

IV. PARAMETERS IDENTIFICATION METHOD

The DCPP method with the disturbance observer helps elim-
inate the steady-state error [14]. But the dynamic tracking re-
sponse is still deteriorated by the parameter mismatch. In order
to solve this problem, parameter identification is necessary to
achieve the ideal deadbeat response. In this section, a novel
parameters identification method is proposed for R and L. Since
the ¥ is not used in the proposed method, there is no need to
estimate it.

A. Reconstructed Characteristic Vector

The proposed parameter identification is based on the char-
acteristic of a reconstructed vector, which is defined as

M(k) = F'p(k)
= —G3'Gigy(k) — G5 H vy, (k)

+ G5 Gaeqy (k) (22)
where M = [My M,]", F = T}_.11 G and
G =G -G,
H, =H, - H,. (23)

The proposed identification method for the R and L is based
on the variation of the M (k) when a negative current is injected
into the d-axis. So before the injection, at time t(, the recon-
structed vector M(k) can be expressed as

M(to) = — é;lélidq(to) — Gglﬁlvdq(to)
+ G5 Gaeqy(to). (24)

Then, a negative stepping current is injected into the d-axis.
After the control system reaches the steady state again at time

By (24) and (25), the variation of M(k) can be derived as
AM = —G;'GAig, — Gy 1H  Avy, (26)

where A refers to the variation between t; and t(. Unfolding the
equations above, there are

AW, AW,
AMy(k) = =AM, (k) = ——% 27)
di + d3 di + d3
with

AW, = —dAl (ZAig + JAvg) — dQﬂAvq
AW, = dy(FAig + §Avg) — d1jAv, (28)
A7,

L

where =% —x,j=7 -y w=c ¢ andj = R
and L are the estimated values of R and L used in the model,
respectively.

Additionally, on basis of (7), the voltage difference between
t1 and ¢y can be obtained as

1
Avg = ;(COS(WT) —x)Aiq

Avg = isin(wT)Aid. (29)
Based on (28),  and y could be directly solved. However, the
noise in the estimation of p(k) will bring errors to the results. In
this article, a simplified method for the parameter identification
is proposed for the low-frequency motor and high-frequency
motor, which are defined as follows.

Definition 1: An SPMSM is called a low-frequency motor if
the winding resistance R, the stator inductance L, the electric
angular speed w, and the sampling period 1" of an SPMSM
satisfies

cos(wT') > 0.98

R
le 2T — (1— ZT)| < 0.05. (30)
Definition 2: An SPMSM is called high-frequency motor if
the winding resistance R, the stator inductance L, the electric
angular speed w, and the sampling period 7' of an SPMSM
satisfies

cos(wT') < 0.98

R < 0.2wL. 31)

B. Low-Frequency Motor

With the definition of the low-frequency motor, some equa-
tions can be simplified as
1) cos(wT') ~ 1 and sin(wT') ~ wT;
2) z~ —%T,i%l— A’T,yz%andgz%.

ol
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Therefore, there are

s~ (T —cos(wT))R — sin(wT)wL

dy = . .
R? + w22
_(@—1)R-wTwL
R2+w2ﬁ2
g — (& — cos(wT))wL + sin(wT) R
2= R2 4 w2f2
# — 1wl + wTR
,@,(w A)w +Aw R:0 32)
R? + w2 L2
1_
Avg = (ya’)md — RAiy
T
Avy = 2= Aig = wLAig (33)
y
R R L-1L
f=d-—r=(=—-)Tj=9—y=—"T. (34
( Ty =19~y 7 (34)

L L
Substituting (32), (33), and (34) into (28), it can be derived as
AWy = —dy (2Nig + §Avg)

Q2 S N A
2T 4+ wlwlL _
R2 4 w2L2 L L LL
Bp 4 wTwl T .
=L~ (R-R)Aiq4 (35)
R%Z + w22 L
and
AW, = —d,jAv,
B4 uTwl L— 1L
= L . —TwLAig
R2+w?2l? LL
=T+ wlwl T .
— L T Y (L DA (36)
R2 4+ w?2L?2 L

Therefore, based on AW, and AW, a simple feedback loop
for R and L is developed by driving AW, and AW, into
zero. Besides, in order to decouple the estimation of R and L,
the parameter identification for R and L should be executed
separately. In this article, the estimation of L is executed first,
and, then, the estimation of R will be done.

C. High-Frequency Motor

With the definition of the high-frequency motor, R is negli-
gible compared with wL and there is

_sinwT) - cos(wT) — &

dy ~ —dy ~ ) 37
wL wL
Substituting (29) and (37) into (28)
AW, = sin(ufT) FAi o+ sin(ajT)gcos(wT) - xAid
wlL wL Y
B cos(cﬂi) — zgsm(wT) Ad
wL Y

# and ¢ with different 2 and L. (a) Z. (b) 4.

Fig. 6.

o .
_sin@l) o p o s
wlL wlL

. T " X T) i
_ sin(w )50(1 + DHaig = sin(w )Zi“Aid

wl Yy wl

and
AW, = g (cos(wT) — z)(cos(wT) — ) Aiy
ywL

_ ™ — 3
+ Y n?(wr)pig 4 WD =2
ywl wlL

Aig. (39)
Clearly, it is difficult to develop a clear relationship between R
and R, or L and L, compared with (35) and (36) in the low-
frequency motor.

As shown in Fig. 6, it can be checked that Z is close to x
when R and L vary by +50% compared with the change of g.
Therefore, AW, can be simplified as

AW, ~ LA(sin2 (WT) + (cos(wT) — x)*)Aig.  (40)
ywL
By applying Taylor expansion, ¢ can be rewritten as
L—-1L
j=9—y=—"T+O(T? @D
J=9-y=—"> (T7)
and
sin? (w7’ T) — 2)*)T X
AW, ~ (sin”(WT) + (cos(wT) — z)°) (L — L)Aig. (42)

ywL L2

Thus, a feedback loop of L can be established. After L converges
to L, the AW, can be rewritten as

Aw, = @) g (e‘%T - 8_%T> Ada.
wL Y

Finally, the feedback loop of R is also established.

(43)

D. Numerical Test

Numerical test is performed to verify the effectiveness of the
analysis mentioned above. The parameters of the tested low-
frequency motor and high-frequency motor are shown in Tables I
and I1, respectively. The operating frequency is accelerated from
0 up to the rated frequency first. Then, the negative current (low-
frequency motor: —2 A; high-frequency motor: —5 A) isinjected
into d-axis at 0.3 s. Based on (27), Mg and M, have the same
qualities as Wy and W, so M4 and M, will be checked instead
of Wy and W,,. This statement holds throughout this article.
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TABLE Il
PARAMETERS OF THE TESTED HIGH-FREQUENCY MOTOR

Symbol Parameter Value
R resistance 0.045 Q
Ls inductance 24 uH
Upc DC bus voltage 48 V
poles poles 2
nN the rated frequency  1.33 kHz
O === 80
- ’ 9.425 v
2 9, us;ﬁl i 20
0 0.1 Tlif(s) 0.3 0.4 0 0.1 T"!‘!‘f(s) 0.3 0.4
(@) (b)

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time(s) Time(s)

© (d)

Fig. 7. Numerical test in the low-frequency motor: M, and M, with
parameters adopted in Table | and negative current injected into d axis
at 0.3 s. (a) M, with 1.5 L and R. (b) M, with 1.5 L and R. (c) My with
L and 1.5R. (d) M, with L and 1.5R.

My
- e e
M,
w2

0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time(s)

(a) (b)

0.2 20

0.15 15

< 143042
14,3038
5

14.3034
2

0.05

0 0 1 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

Time(s)

(© (d)

Time(s)

Fig. 8. Numerical test in the high-frequency motor: My and M, with
parameters adopted in Table Il and negative current injected into d axis
at0.3s. (a) My with 1.5 L and R. (b) M, with 1.5 L and R. (c) M, with
L and 1.5R. (d) M, with L and 1.5R.

In Fig. 7, the analysis in the low-frequency motor is tested.
As shown in Fig. 7(a) and (b), with L=15L and R = R
adopted, at 0.3 s, M, has a sharp increase while M basically
stay unchanged. Besides, in Fig. 7(c) and (d), with L =1L and
R=15R adopted, at 0.3 s, My has a sharp increase while M,
basically stay unchanged. It is consistent with the theoretical
analysis mentioned above. The same statement can be also
applied in the high-frequency motor as shown in Fig. 8.

E. Parameter Estimator Design

In Fig. 9, the estimation structure for L and R with negative
current injected into d-axis is demonstrated. It should be noted
that compared to the dynamic response of the designed distur-
bance observer, the convergent time of R and L is selected to be

|Disturbunce| AM,
| Observer |

0 k. /s I L
- Estimator

(a)

0 ky/s I R
B Estimator

(b)

|Dislurbance| AM,
I Observer |

Fig. 9. Estimation structure for L and R with negative current injected
into d axis. (a) Estimation structure for L. (b) Estimation structure for R.

long enough that its effect on the disturbance observer could be
neglected. Generally, the disturbance observer will converge to
steady state in several periods (less than 10). Therefore, when
the convergent time of the parameter estimator for L and R is
longer over 20 times than the disturbance observer, the function
from L to AM, in Fig. 9(a) and the function from R to AM,
in Fig. 9(b) can be treated as a simple proportional part. The
gain k can be obtained from (35), (36), (43), and (42) and is
positive, which can be adjusted by the amplitude of the injected
current. When a pure integral estimator ky, /s for L and R is
adopted, the open-loop and close-loop transfer functions can be
expressed as

kLek o kuek
s close—m

G’open = (44)
where k, g is the positive gain of the integral estimator. Clearly,
the stability of the parameter identification is guaranteed. The
convergent rate of the parameter identification for R and L
depends on the selection of the kz, g. In order to ensure the
convergence within the predefined time, the k7, r can be chosen
as follows:

Y
T

p

kr.r (45)
where A is the estimated boundary of the parameter deviation
of R and L. T}, is the predefined maximum convergent time.
Normally, the T}, is limited and considering the convergent rate
of the disturbance observer is normally less than 10 T, T}, should
be larger than 200 7 to ensure the stability.

Besides, a dead-zone modification is implemented to improve
the robustness of the parameter identification. When the AN,
or A M, is within the selected dead-zone, the estimation of L or
R will be bypassed.

V. SIMULATION RESULTS

Simulation in MALTAB/Simulink is performed to validate the
effectiveness of the proposed DPCC method. The parameters of
the tested low-frequency and high-frequency motor are the same
asin Tables [ and I, respectively. The parameters of the proposed
DPCC method is demonstrated in Table II1.

Fig. 10 shows the performance of the proposed DPCC method
with L =15L and R =15R at 133.3 Hz. In Fig. 10(a),
the tracking performance of i, is demonstrated. Before the
parameter identification, withL = 1.5 Land R = 1.5R adopted
in the controller, the feed-forward voltage from the predictive
current control law is larger than the desired value, therefore the
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TABLE I

PARAMETERS OF THE PROPOSED DPCC METHOD

Symbol Parameter Value
fs switching frequency 10 kHz
T sampling period 0.0001 s
Q convergent matrix  diag(0.4,0.4)
kr(low frequency)  gain for L estimator 0.005
kr(low frequency)  gain for R estimator 4
kr(high frequency) gain for L estimator 2x107°
kr(high frequency) gain for R estimator 0.04
TH;, threshold of L 0.1
THgr threshold of R 0.03

—idres

—_—

" 2
2 o
PE (E— - 0
0 i
=

N
3 i

ig(A)
ia(A)

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Time(s) Time(s)
(@) (b)
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0 02 04 0.6 08 1 0 02 04 0.6 08 1
Time(s) Time(s)
© (d
9 35
—1I —R
8 — —nR
I, s’ {
57 =
Py =
= 5 25
5 2
0 02 04 0.6 08 1 0 02 04 0.6 08 1
Time(s) Time(s)
© ®

Fig. 10.  Simulation results in the low-frequency motor: iy, iq, My, My,
Land Rwith L = 1.5 Land R = 1.5R at 133.3 Hz. () i4. (b) i4. (C) M,.

(d) M. () L. (f) R.

overshoot occurs. Due to the disturbance observer, the tracking
error is gradually eliminated. Then, the proposed parameter
identification for L and R works. In Fig. 10(b), the negative
current (—2 A) is injected into the d-axis. The first injection
aims at the identification of L. With the current injected, M,
is increased rapidly and an integral controller for L works to
drive AM, to zero as shown in Fig. 10(c). In Fig. 10(e), the
L converge to L successfully. The second injection aims at the
identification of R. With the current injection, My is increased
rapidly in Fig. 10(d) and an integral controller for R also works
to drive AM, to zero. The R converge to R successfully as
shown in Fig. 10(f). It has to be noted that the performance
before the parameters identification is consistent with [14], but
as the main contribution of this article, the proposed parameters
identification for R and L works and when the parameters
identification is finished, the ideal deadbeat response is achieved
for both 7, and 44 in Fig. 10(a) and 10(b), respectively. This is a
significant improvement compared with [14].

The same statement can be applied in the high-frequency
motor as shown in Fig. 11, but the R cannot converge to R

30H—

|

Time(s)

(2) (b)

[
]

o 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Time(s) Time(s)
() (d)
40 0.07
L —k
35 L —
= 0.06
<30 <
3 E o
. 005
20 0.01
0 0.2 04 0.6 08 1 0 0.2 04 0.6 0.8 1
Time(s) Time(s)
(e) ®

Fig. 11.  Simulation results in the high-frequency motor iy, iq, My, My,
Land Rwith L = 1.5 Land R = 1.5R at 1.33 kHz. (a) i4. (b) ig4. () M,.

(d) My. (e) L. (f) R.

in Fig. 11(f). Because the R of the tested motor is much small,
the AM, caused by the injected 74 is also small and consid-
ering the nonliterary of the switching devices, it is reasonable
for the estimation of R behaving as shownin Fig. 1 1(f). Although
the estimation error of R exists, the voltage difference caused
by this estimation error is adequately small compared with the
command voltage. With the effectively estimated L, the ideal
deadbeat response is also achieved at high operating frequency
as shown in Fig. 11(a) and 11(b).

VI. EXPERIMENTAL RESULTS

Experiments are also performed to validate the proposed
DPCC method. The parameters of the tested low-frequency
and high-frequency motor are also the same as Tables I and
I1, respectively. Additionally, all the experimental data will be
sent to the host PC via the Ethernet module on the control
board.

A. Different Convergent Rating of R and L Identification

Fig. 12 shows the performance of the proposed DPCC with
L=3mHand R =1 at 133.3 Hz. In Fig. 12(a), the track-
ing performance of i, is demonstrated. The tested SPMSM is
controlled by the torque current while the load motor is on
the speed-controlled mode. Before the parameter identification,
with L =3mH and R =1Q adopted in the controller, the
feed-forward voltage from the predictive current control law is
smaller than the desired value, therefore, the current response is
slow. With the help of the disturbance observer, the tracking
error is gradually eliminated. Then, the proposed parameter
identification for L and R works. In Fig. 12(b), the negative
current (—1 A) is injected into the d-axis. The first injection
aims at the estimation of L. With the current injection, M,
is decreased rapidly and an integral controller for L works to
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Fig. 12.  Experimental results in the high-frequency motor: i4, iq, My,
My, L, and R with L =3 mH and R = 1Q at 133.3 Hz. (a) i,. (b) iq4.

(c) My. (d) My. (e) L. (f) R.

drive AM, to zero as shown in Fig. 12(c). Fig. 12(e) shows
the performance of the L. The second injection aims at the
estimation of R. With the current injection, M, is decreased
rapidly and an integral controller for R also works to drive A My
to zero in Fig. 12(d). The R converges as shown in Fig. 12(f).
When the parameters identification is finished, the ideal deadbeat
current control is achieved for both i, and 74 in Fig. 12(a) and
12(b). It is worth noting that all the parameters of the tested
motors are obtained by the offline measurement, which could
be different from the values on the operating state. But when
the estimated parameters adopted in the controller, the ideal
deadbeat response is achieved, which indicates that the estimated
parameters is accurate.

The same statement with L = 12 pHand R=22mQ adopted
in the controller can be applied in the high-frequency motor as
shown in Fig. 13. The ideal deadbeat control is also achieved in
the high-frequency motor as shown in Fig. 13(a) and 13(b).

The experimental results are well validated with the theo-
retical analysis and the simulation results mentioned above.
The problem caused by the mismatched parameters has been
essentially solved compared with [14]. Besides, the proposed
parameter identification method for R and L works on both
low-frequency and high-frequency motors. Clearly, this method
can be implemented easily based on the disturbance observer,
which is the great advantage.

As the analysis mentioned above, the convergent rate of the
parameter identification for R and L depends on the selection
of the k7, r. So the performance of the different kg for the
estimation of R and L is investigated.

In Fig. 14, the convergent performances of L and R with
different k; and kp adopted in low-frequency motor are
demonstrated. Clearly, it can be observed that the larger gains
are helpful for the convergence. The convergent time can be

approximately down to 26 and 22 ms in this experiment. How-
ever, when the convergent time is less than the 200 7" (20 ms),
the estimation error inevitably occurs. Therefore, the selection
of k1, and kp is limited by the convergent time and it should be
larger than 20 ms. Additionally, the same statement can be also
effective in the high-frequency motor at 1.33 kHz in Fig. 15.

B. Comparison With Traditional RLS Method

A comparison between the traditional RLS method and the
proposed parameter identification method is also investigated.
The RLS algorithm is adopted as [18]

Ot (k) = Oy (k — 1) + K(k)e(k)
e(k) =y (k) — " (k)Bes(k — 1)
K(k) = P(k — (k)AL + " (k)P(k — 1)g(k)]
p(k) = [ - K(k)o" (k)]P(k —1)/x (46)

where y denotes the output vector, 6. is the estimated parameter
vector, ¢ denotes the feedback matrix, A is defined as the
forgetting factor, and ¢ is the estimation error.
Based on the discrete-time model (7), there is
y =T, gy — Goeqq
0=[x y]Taest =[z @]T‘PT = [idg Vdq] (47)

where the matrix G is calculated by the estimated 2 and ¢. So
the estimated parameters can be obtained as

R:

(48)

It can be observed that the output vector y contains the elements
concerned with the PM flux linkage W, which cannot be obtained
accurately. So the estimation accuracy relies on the accuracy
of W.

Figs. 16 and 17 demonstrate the estimation performance by
the traditional RLS method with the different PM flux linkage
V. Considering the ideal deadbeat current response can be
achieved by the proposed method, the estimated R and L via
the proposed identification method can be regarded as accurate.
It can be concluded that the convergent values are closely related
to the selected W, but the ¥ cannot be measured accurately
during the rotation. Therefore, it is difficult for the traditional
RLS to estimate the R and L accurately with the unknown W.
Additionally, the execution time between the traditional RLS
method and the proposed method for DSP28335 (150 MHz)
is also compared as follows. Obviously, the RLS method need
more time because it contains much matrix manipulations. And
the proposed method avoids them.

Method Execution Time
Traditional RLS Method 18.9us
Proposed Method 0.313 pus

Another important thing should be explained. As the analysis
mentioned above, the conventional RLS method cannot deal
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Fig. 13.  Experimental results in the high-frequency motor: iy, iq, My, Mg, L, and R with L = 12 uH and R = 22mQ at 1.33 kHz. (a) 4. (b) ig-

(c) My. (d) M. (e) L. (f) R. (g) speed.
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Fig. 14.  Experimental results in the low-frequency motor: performance

of the different kj, r for the estimation of R and L with L =3 mH and

R =1Q at 133.3 Hz. (a) Estimation of L. (b) Estimation of R.
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Fig. 15. Experimental results in the high-frequency motor: perfor-
mance of the different £,  for the estimation of R and L with L = 12 uH
and R = 22 mQ at 1.33 kHz. (a) Estimation of L. (b) Estimation of R.

— = 0052 — = 0.056  — = 0.062
6 6
Z, =
22 — ¥ = 0.052 !
= i — ¥ = 0.056 N
—_— = 0.062
3 0
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Time(s) Time(s)
(@ (b)
Fig. 16. Experimental results in the low-frequency motor: traditional

RLS method for the estimation of R and L with different ¥ at 133.3 Hz
(R =3.2Qand L = 5.8 mH by the proposed method). (a) Estimation of
L. (b) Estimation of R.
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Fig. 17. Experimental results in the high-frequency motor: traditional
RLS method for the estimation of R and L with different ¥ at 1.33 kHz
(R =32mQ and L = 24 ;H by the proposed method). (a) Estimation of
L. (b) Estimation of R.

with the estimation of R and L with the unknown V. But
several papers proposed a two-time scale method to achieve the
multiparameter identification (R, L, and W) [18], [19], [23].
However, this kind of method is not considered in this article
because of the following.

1) The RLS method consists of much matrix manipulations
and it need more time to finish them. If a two-time scale
method is adopted, the execution time is not acceptable,
especially for the industrial application.

2) The stability of the two-time scale method is not provided
by theoretical analysis in these papers. Whether the es-
timated values have converged to the real values or not
cannot be guaranteed.

VIl. CONCLUSION

This article proposed an improved DPCC method for the
SPMSM with parameter identification. With the proposed DPCC
method, zero steady-state current error and deadbeat dynamic
current response could be achieved, even with inaccurate motor
parameters. The following contributions are achieved.

1) The proposed parameters identification method can be
implemented easily with greatly reduced computation
burden compared with the traditional RLS methods.

2) Since the design is established based on a fully discretized
model, the effectiveness will be guaranteed on both low-
frequency and high-frequency motors.

3) With the estimated parameters adopted, the parameter
mismatch problem is essentially solved and the ideal
deadbeat response is achieved. This is a significant im-
provement compared with [14].

The effectiveness of the proposed DPCC method was vali-
dated by the simulation and experimental results on a 133.3 Hz
motor and a 1.33 kHz motor with 10 kHz sampling frequency.
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