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Disturbances Attenuation of Permanent Magnet
Synchronous Motor Drives Using Cascaded
Predictive-Integral-Resonant Controllers

Zhanqing Zhou
Zhigiang Wang

Abstract—The performance of a standard model predictive con-
troller (MPC) is directly related to its predictive model. If there are
unmodeled periodic disturbances in the actual system, MPC will
be difficult to suppress the disturbances, thus causing fluctuations
of system output. To solve this problem, this paper proposes an im-
proved MPC named predictive-integral-resonant control (PIRC).
Compared with the standard MPC, the proposed PIRC could en-
hance the suppression ability for disturbances by embedding the
internal model composing of the integral and resonant loop. Fur-
thermore, this paper applies the proposed PIRC to PMSM drives,
and proposes the PMSM control strategy based on the cascaded
PIRC, which could suppress periodic disturbances caused by the
dead time effects, current sampling errors, and so on. The exper-
imental results show that the PIRC can suppress periodic distur-
bances in the drive system, thus ensuring good current and speed
performance. Meanwhile, the PIRC could maintain the excellent
dynamic performance as the standard MPC.

Index Terms—Internal model principle, model predictive con-
trol (MPC), periodic disturbances attenuation, permanent magnet
synchronous motor, resonant controller.

I. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) has

been widely used in the computer numerical control
(CNC) machine tools, elevator control, and traction drive
because of the advantages of simple structure, high power
factor, and wide speed range [1]-[2]. Model predictive control,
as a kind of closed loop control algorithm, has been success-
fully applied in PMSM control [3]-[4]. Compared with the
traditional current vector control strategy, the model predictive
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TABLE I
COMPARISON BETWEEN THE DIFFERENT MPC-BASED ALGORITHMS

Standard PRC Min-max Offset-free
MPC MPC MPC
Stability Strong Moderate Strong Moderate
Robustness Poor Moderate Strong Moderate
Disturbances type Null Periodic Non-specific Constant
Inhibition method Null Predictive model Cost function Observer
Computational complexity Low Relative high High Low
Application in motor drive No-Success Success [6] No-Success Success [5]

controller (MPC)-based PMSM control strategy could improve
the dynamic performance of speed and current effectively [5].

The cascaded MPC is an important kind of MPC-PMSM con-
trol strategies [6]-[8]. In the cascaded MPC-PMSM systems,
both the current and speed loop could be regarded as the single
input and single output system which could be simplified as the
unconstrained optimization problem, and then their control pa-
rameters could be determined offline. Meanwhile, by introduc-
ing a posterior constraint, the cascaded MPC could overcome
limitations of motion control systems with nonconstrained state
feedback controller resulting in low dynamic properties [9].

The design of cascaded MPC can be divided into two parts: the
speed loop and the current loop. However, the performance of
standard MPC is directly related to the accuracy of the predictive
model. Unfortunately, there are several periodic disturbances in
the drive system, and their precise mathematical models could
not be established. For example, in the speed loop, the current
sampling errors will introduce the periodic disturbances into
the current feedback channel [10]-[13]. These low-frequency
disturbances are usually the major cause of poor speed perfor-
mance of the standard MPC-based algorithm [6]; in the current
loop, the dead time effects of the inverter will introduce peri-
odic disturbances, and these disturbances could lead to stator
currents distortion, especially in the case of extreme low speed
and heavy load condition [14]-[17]. In summary, the perfect
steady-state control performance is usually difficult to realize
by using the standard MPC considering the unmodeled distur-
bances mentioned above.

In recent years, three kinds of improved MPC algorithms are
proposed to enhance the inhibition ability of the standard MPC
against the unmodeled disturbances, as listed in Table 1.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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The first kind of these algorithms is the predictive repetitive
control (PRC), also known as iterative learning MPC [18]-[22].
In PRC, the periodic disturbances are expressed with signal
generators in series according to the discrete Fourier theory. In
this way, the modified predictive model with periodic distur-
bances can be established. Using this predictive model, PRC
could evaluate the system behavior under periodic disturbances,
then the influence of disturbances could be attenuated [18]. PRC
is a successful MPC algorithm, but the storage space and com-
putational burden of the PRC will be increased because of the
series structure, when a lot of frequencies are contained in the
periodic disturbances. Meanwhile, the modified model needs to
be updated online to reflect the information of periodic distur-
bances in real time, so that the control parameters of PRC have
also to be calculated online. In addition, the stability of PRC is
sensitive to the variation of the frequencies of the disturbances
[18]. Therefore, an improved PRC which is insensitive to the
frequencies of the disturbances are acquired by connecting the
multiple memory loops in series—parallel, but the disturbance at-
tenuation ability of the improved strategy would be weaken [20].

The second kind of algorithms is named min-max MPC
[23]-[24]. Instead of the accurate frequency information of dis-
turbances, the only requirement of the min—max MPC is the
extreme range of disturbances. In this algorithm, the control
law which contents the preset cost function under the worst
disturbance condition is determined by solving the min—max
optimization problem. However, the min—-max MPC can only
satisfy the minimum control objectives (such as tracking and
stability) in the presence of disturbances, which means the dis-
turbances of outputs are not completely suppressed. Besides, the
dynamic programming problem of min—-max MPC could hardly
be solved online. Thus, the min—-max MPC has not been applied
in the motor control successfully.

The third kind of algorithms is the offset-free MPC [25]. In
this algorithm, the predictive model is augmented with a distur-
bance model which is used to estimate and predict the mismatch
between measured and predicted outputs. The states and distur-
bances estimated by the Luenberger or Kalman observer are used
to initialize the MPC problem. The stability of offset-free MPC
could be guaranteed by means of proper design. Meanwhile,
compared with PRC, computational burden of offset-free MPC
is lower. However, limited by the dynamic performance of the
observer, offset-free MPC could only eliminate the disturbance
which is constant or varies slowly.

On the basis of the above three kinds of algorithms, this pa-
per proposes an MPC algorithm that can restrain the constant,
slow-variation, and periodic disturbances, which is named as
the predictive-integral-resonant control (PIRC) algorithm. In
the proposed PIRC, the resonant internal model composing of
several paralleled quasi-resonant controllers is embedded in the
standard MPC algorithm to restrain the periodic disturbances.
Compared with PRC, PIRC does not need to store large amount
of past time variables, so that the computational complexity is
reduced. In addition, PIRC may have relatively strong robust-
ness of frequency, because the resonant internal model can adjust
its control bandwidth conveniently. More importantly, the con-
trol parameters of the PIRC could be determined offline. Thus,
the PIRC can be successfully applied in motor drive systems
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with rapid transient response. In this paper, a PMSM control
strategy-based on the cascaded PIRC is put forward to suppress
the ripples of the current and the speed which are introduced
by periodic disturbances of dead time effects, current sampling
error, and flux harmonics.

II. PERIODIC DISTURBANCES ATTENUATION WITH
INTEGRAL-RESONANT INTERNAL MODEL

The first-order system including the periodic disturbances is
established as follows:

dz (t)
—q = Az + Bu() +7(1) 0
y(t) = Cx(t)

where x(f), u(f), and y(f) represent the state, input, and out-
put variables, respectively; A, B, and C are the corresponding
coefficients, respectively; y(¢) represents the external periodic
disturbances, and it can be expanded as Fourier series as fol-
lows:
o o0
v (t) = + Z a; cos (lwit) + Z bsin (lwit)  (2)

=1 =1

where 7y represents the constant disturbance in control system;
a; and b; are the Fourier coefficients of cosinoidal and sinu-
soidal components, respectively; w; is the fundamental angular
frequency of ().

The Laplace transform of (2) with zero initial condition can
be expressed as

Y (s)=C(s — A)~ [BU (s) + T (s)] 3)

where Y(s), U(s), and I'(s) represent the transform results of y(7),
u(t), and (1), respectively

bl
+Za15—|— gwl @)

-1 lw1

The controller is to be designed to suppress the periodic dis-
turbances 7y () and, hence, by the internal model principle [26],
the internal model which is constructed by the poles of T'(s)
must be embedded in the open-loop transfer function of con-
trol system. As can be seen from (4), s = 0 and s = +jlw,
are the poles of I'(s). Therefore, the required internal model is
composed by the following two parts:

1) to suppress constant disturbance, the integral internal

model 1/s with the pole s = 0 is embedded into the for-
ward path between the reference R(s) and Y(s);

2) to suppress periodic disturbances, the periodic inter-
nal model Gyx(s) with the poles s = *+jlw; (I =
1,2,...,00) is embedded into the forward path between
R(s) and Y(s).

The resonant controller can deal with periodic references
and disturbances effectively. The transfer function of the ideal
resonant controller is

Gr () K. s )

i 2 + (lw; )?
where K, represents the resonant coefficient, and the reso-
nant frequency is /w;. However, the ideal resonant controller
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Fig. 1. Control block diagram after embedding the internal model. (a) Control
block diagram. (b) Discretization of PIRC.

is difficult to implement in practice, and its frequency robust-
ness is poor [27]. Thus, the quasi-resonant controller is always
adopted in the practical applications. The transfer function of
quasi-resonant controller is

Kiwes

Gquasi-R (8) = - 6
! R (5) 82+2wcs+(lw1)2 ©)

where w. is the cut-off frequency of quasi-resonant controller.
It can be seen from (6) that Gy (s) could be constructed by
paralleling the quasi-resonant controllers which take lw; as the
resonant frequency, namely

1 AWe S
= 8%+ 2wes + (Zwl)

(N

III. PREDICTIVE-INTEGRAL-RESONANT CONTROL (PIRC)

The control performance of an MPC is directly related to
the accuracy of predictive model. Hence, the unmodeled period
disturbances in the MPC-based control system would lead to
tracking errors or output fluctuations. To solve this problem,
the integral and resonant internal model are embedded into the
MPC-based control system. However, the predictive model will
be changed after embedding the internal model, as it contains
the mathematical model of internal model and original control
plant simultaneously. In this paper, the integral and resonant
internal models are embedded in the MPC-based control sys-
tem in series, and we rebuild the predictive model and control
law considering the embedded internal model. As a result, an
improved MPC named PIRC is gotten, as shown in Fig. 1(a).

A. Predictive Model
Discretize (1) and the result is as follows:
{a: (k + 1) = Aqz (k) + Bau (k) + v (k)
y (k) = Cx (k)

where A4 = e4™s; By = (foTb e dt)B; T, represents the dis-
crete control period; k represents the k7 sampling instant.

®)
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Transforming (7) into z domain based on Tustin transforma-
tion, yields

- b by 1272
D D eSO
— 14+a 27! +ag 2
where
2K, ](.uc S —2K,, Iwc s
le = bz,l =
(1w))*T2 + 4w, T, + 4’ (1w))* T2 + 4w, T, +4
(lu)1) TS2 -8 (lwl) Ts2 — 4w Ty +4
a1 = ; A2 =

(lw1)* T2 + 4w T, + 4 (w1 )’ T2 + 4w, T, + 4

From (8) and (9), the discretization block diagram of PIRC is
obtained, as shown in Fig. 1(b). In order to build the predictive
model in Fig. 1(b), first, the state equation in (8) is multiplied
by [1 + Gx(2)]' on the both sides, which is equivalent to
embedding the resonant internal model into (8). Then, we have

[14+Gs ()] 'z (k + 1)

=[1+ Gy (2)] " Aqz (k) + Bau! (k) + Ly (k)

(10)

1+ Gx (2)]

where u/(k) = [1 + Gx(z)]~" u(k). The Bode diagram of [1 +
Gy (2)]7! is drawn in Fig. 2, where | = 1, K, = 1000, w, =
0.01rad/s, w; = 27 x 40rad/s.

As shown in Fig. 2, the attenuation effect of [1 + Gy (2)] ~*
on the resonant-frequency signal is very strong, whereas it has
little effect on the signals at other frequency. According to this
feature, (10) can be simplified as

ek + 1) = Agz (k) + Bard (k) + 70
{<>0u> - b

Second, (11) is multiplied by the differential operator A =
1 — z~! on the both sides, which is equivalent to embedding
the integral internal model into (11), thus, we can get

Az (k + 1) = AgAz (k) + BaAu' (k). (12)

According to (12), the new predictive model can be obtained
by augmenting Ax to the state variable, which is

@ (k+1) A, @, (k) B.
—~
Ax(k+1 Aq Az (k B
o(k+1) = ! z(k) d A/ (k)
y(k+ 1) OAd 1 y(k) CBd
Cm
—— | Az(k)
y(k)=[0 1]
y(k)
(13)
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where x,, (k), Av'(k), and y(k) are the state, input, and output
variables of the new predictive model, and A,,,, B, and C,, are
the corresponding coefficient matrixes.

Comparing the new predictive model with (8), the following
changes could be found:

1) the incremental value Ax becomes the state variable in-

stead of the steady value x;
2) Au'(k) becomes the optimal objective instead of u(k);
3) the disturbances term ~(¢) no longer exists.

B. Control Law

According to (13), the following tracking optimization prob-
lem can be established:

N
W+ RiA”® (k+j—1)

Arquun V (k Z y (k+7)] ,
j= =1
st @y (k+1) = Apzy (k) + B Ad' (k)
y(k) = mem(k) (14)

where ris the reference value; R, @) €R" represent the weight
coefficients of input and output at each predictive step; N € Z*
is predictive horizon.

From (13), the expression of y(k + j) can be derived as

y(k+j)=Cn Az (k +CmZA:nB A (k+j—1—1).
(15)

According to (15), the following equation can be established:

Y = Qz, (k) + FAU' (16)
where
y(k + 1) A (k)
y(k ) Au(k + 1)

Y = . ; AU/ = . ;
ly(k + N) Au'(k+ N —1)
_CIHAIH
CmAIZH

Q= :

CmAfX
[ CHIB!H O o 0

F — CHI AIll BIII CIll BIII

_CmAiX_le CIHAQ_QBHI CmBm

Meanwhile, the cost function in (14) can be rearranged as a
compact form like

Y)+ AU'" RAU'
(17)

min V = (Reet — Y)TQ (Reet —

AU’
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where R = [r 7 ... r]T; Q = diag[Q: Q.. Q]
—_———
N
R = diag [R] R2 RN]T.
Substituting (16) into (17), we have
Igllijr} V = AU"HAU' — AU G + const (18)

where H = F'F + R:G = QFTQ[Rref — Qxyy, (k)]; const
represents the items which are independent of AU’.

According to the quadratic programming theory, the optimal
solution of (18) is

AU’ = %HG’I

— (F'F+R) 'F'Q[Rys — Qa,, (k). (19)

Furthermore, according to the receding horizon control prin-
ciple [28]
Au' (k) = [1 0... O] AU’

—_—
N

(20)

At last, it can be seen from Fig. 1(b) that the relationship
between (k) and Au/(k) can be expressed as

1

u(k) = [1+ Gx (2)] T A (k)
—_—— -
Resonant internal H_/
model Integral internal
model
— [+ G W (k- D+AL(R)]. @D

From (21), the PIRC is equivalent to the combination of stan-
dard MPC and parallel resonant internal model. The parallel
internal model in PIRC is used to enhance inhibiting effect of
periodic disturbances. Meanwhile, the solving process of the
standard MPC in the PIRC is independent on the design of
the parallel internal model, which means the design process of
the PIRC could be divided into two separate parts, namely the
offline solving of standard MPC and the parameter tuning of
internal model.

IV. CASCADED PIRC-BASED CONTROL STRATEGY FOR PMSM

To eliminate the periodic fluctuations of current and speed
of PMSM, this section proposes a control strategy based on
cascade PIRC. In the proposed strategy, the controllers of both
current loop and speed loop adopt the PIRC, as shown in Fig. 3.

A. Unmodeled Disturbances and Mathematical Model of
Current Loop

The unmodeled periodic disturbances of current loop mainly
include the permanent magnet flux harmonics [29]-[30] and
dead time effects of voltage source inverter [14]-[17].

While establishing the mathematical model of PMSM, we
usually assume that the rotor flux presents ideal sinusoidal dis-
tribution in space. However, for the actual motor, it is difficult
to achieve ideal sinusoidal flux distribution due to stator teeth
notching, magnetic saturation, and manufacturing restrictions
so that the permanent magnet flux linkage exists harmonics.
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Fig.3. Proposed cascaded PIRC-based control strategy for PMSM. (a) Control
block diagram. (b) Current PIRC. (¢) Speed PIRC.

Considering the three-phase symmetry of the motor stator
windings, in the case of symmetrical load, there will be no even
harmonics in the stator winding. Hence, taking the phase A as
an example, the permanent flux linkage can be expressed as

dia =Y Prear— 1y cos[(21 — 1) wet]
=1

= 11 COSWel + Yr3 €OS 3wet + W5 COS Hwet + ... (22)

where w, donates the electrical angular frequency; ¢r; donates
the amplitude of the fundamental waveform of the permanent
flux; 13 and g5 are the amplitude of 3rd and Sth harmonics of
the permanent flux. The expression forms of the permanent flux
linkage of phase B and C are similar to that of the phase A, only
the initial phase angles have differences.

Transforming 14 , ¥rp, and Y¢c into the rotating frame, and
then the expressions of the permanent magnet flux can be ob-
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Fig.4. Schematic diagrams of the dead time effects. (a) Basic configuration of
one phase leg during the dead time. (b) Switching patterns and output voltages.

tained as
Yra = Yo + D Vet cos (6lwet)
=1

o0 (23)

Yiq = 12:1 Pqo1 €08 (6lwet)
where 1)y is the dc-component of the permanent magnet flux
linkage; 1461 and 1pq6; are the amplitude of 6/th harmonics.
From (23), we can see that the periodic disturbances will appear
in ¢q and 94, and their angular frequencies are 6/w.

To avoid shoot-through in the dc link, a time delay called dead
time (2-5 ps) should be inserted in the pulse width modulation
patterns which guarantees that both switches in an inverter leg
will not be conducted simultaneously. The schematic diagrams
of the dead time effects are shown in Fig. 4.

From Fig. 4, the average distorted voltage Auan caused by
the dead time effects are different according to the direction of
stator phase current, which has

TaUqc/Ts,ia >0

. 24
—TaUqac/ Ty in <0

AuAN =

where Uy, 14, and T4 represent the dc-bus voltage, stator cur-
rent of phase A, and the dead time, respectively.

Furthermore, the average distorted voltages of three phases
can be expressed according to the direction of the respective
three-phase currents as

TI/ c 281 1 Z —Si 1 Z —Si n Z
7—1 d 251 n 7, —Si 1 Z —bl n 7,

Aty 1Uqec { g (B) g3( C) g (A)} (26)
TqU c 2sign (1 — sign (2 — sign (2

ey dVd { g (C) gg(A) g (B)} Q27

where Auat, Aupt, and Auc; are the average distorted voltages
of three phases, respectively; ia , i, and i are the stator currents
of three phases, respectively.

From (25) to (27), the average distorted - and (3-axis voltages
Awugy, and Aug; of the stationary reference frame can be drawn
in Fig. 5. According to Fig. 5, Au,¢ and Aug; can be derived
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Fig. 5. Distorted voltages and a3-axis currents of the stationary reference
frame.

by taking the Fourier series as follows:

ATyUqe I
Augy = Z { sin [(6] — 5) wet]
Ty — 6l —5
+ 1 in[(6l = 1)we] (28)
6 1™ e
4ﬂ1U(lc - 1
Aug, = - —5) we
Ugt T { T [(6] — 5) wet]
+ —cos[(61 — 1) wef (29)
e —1 8 wet] ¢

From (28) and (29), the distorted voltages Aug¢ and Aug, of
the synchronous reference frame can be obtained by taking the
coordinate transformation as follows:

ATy Uy, 121
A =
Y= T Z { 62 — 1

sin (6lwet )} (30)

AT Uy, - 2
Augy = % {—1 + Z {3612—1 cos (6[%25)} } .
§ =1

€2y

From (30) and (31), Aug; and Aug; contain the 6th, 12th, and
higher order harmonics due to the dead time effects. It is worth
to mention that the nonlinear factors, such as turn-on and turn-
off delay of insulated gate bipolar transistor (IGBT), forward
voltage drop, etc., have been neglected in the analysis of dead
time effects. But, these nonlinear factors have only impact on
the amplitude of periodic disturbances and have no effect on the
frequencies of disturbances [14].

The nonperiodic disturbances of current loop mainly come
from the parameter variation of motor [11]. The stator resistance
Ry varies primarily with winding temperature whereas a small
amount of skin and stray loss effects are neglected. In addition,
the stator inductances Lq and L, are hard to precisely obtain, and
they are usually functions of current magnitude and phase angle.
For instance, the effects of cross saturation generally result in
variations of stator inductances which affects the mathematical
model of the motor.
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The voltage equations considering the periodic and nonperi-
odic disturbances can be expressed as follows:

di, . di, )
Lq dz ti =ugq — Rgiq + pwlqiq — ALy dZ L~ ARyig — ua
diq dz(
L,— Eraall —Ryiq—pwLyiq —pwiprq—ALq—— ! —ARgiq—uqt
(32)

where AR, ALq, and AL, represent the variations of Rg, Lq,
and L, respectively. As mentioned above, ARy is a function
depending on the motor temperature; ALq and AL, are related
to stator current. Therefore, considering the control period is
short, the nonperiodic disturbances caused by ARy, ALg4, and
AL, can be regarded as the slow-variation disturbances. Then,
the effects of these nonperiodic disturbances on the performance
of current loop can be eliminated by the integral internal model
of PIRC.

B. Design of Current PIRC

According to (32), the frequencies of harmonic disturbances
are 6lw, in the current loop. Therefore, the appropriate resonant
internal model could be embedded in the current loop to elimi-
nate the 6/th harmonic disturbances. The influence of 12th and
higher harmonic disturbances on the current loop are small, so
we can take w; = 6w,., ! = 11in (9) to eliminate 6th harmonic
disturbance. Then, the current PIRC is shown in Fig. 3(b).

After embedding the integral and resonant internal model,
the control law of current PIRC will be determined as follows.
Taking g-axis as an example, discretize the second equation of
(32), and then establish the predictive model of g-axis accord-
ing to (13). It is worth to note that we adopt the feedforward
compensation method to eliminate the cross coupling terms in
(32). Then, we have

T g (k+1) Ang T g (k)
- e |
Nig(k+ 1] 1= R/ Ly 0] [Aig(k)
ifk+1) | |1 = RT Ly 1] | ig(k)
B, q
T./ L] 33
+ Ay (k)
T/ Lq]
Cmq .
—~N = Alq(k)
Wk =T017|"
iq (k)

Next, according to (14), the corresponding optimization prob-
lem for the current PIRC is established as

Neur

E qucf
Aug
Jj=1

mln V (k k4]

Neur

CU. E

/2 k__|_j_1)

st @mq(k+1) =
yq(k) =

mqwm (k) + quAU/q(k)
mqwmq(k) (34)
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where iq.cr is the reference current of g-axis, which is pro-
duced by the speed PIRC. N, is predictive horizon of PIRC
and determines the range of optimization horizon for the MPC
algorithm, and we generally take the value of N, 7; larger
than motor electrical time constant, namely Ne,, > Ly /T Rs;
R, is the weight coefficient, which is used to avoid the severe
changes of Au&, and then the smooth torque control can be
guaranteed.
By solving the optimization problem in (34), we can get

-1

AU, = (FJFq+ Rew) Fy' [iqret — Qqmg (k)] (35)
where
[C Amq CmflAl?nq o CquAm‘qur] )
Ry = dlag [Rcur Rewr . Rew };
NClll'
iqrcf = [iqref iqref s iqref }T;
NC\\T
— T.
AU = [ A (k) Ay (k + 1) .. Aul(k + Now — 1)]7;
ChqBug 0 .0
Fq _ Cququmq Cqumq :
Cqumq qu CYn1(114m(qur mq s Cqumq

Then, in accordance with the receding horizon control prin-
ciple

Al (k) =[10... 0] AU (36)
N———
J\TCHI’

Finally, according to (21), the control law of current PIRC
can be written as

uq (k) = [14 Gesx (2)] [u

+ pwlqiq + pwipyg

o (k= 1) + Aug, (k)]
(37

where G.y represents the resonant internal model of current
PIRC.

C. Unmodeled Disturbances and Mathematical Model of
Speed Loop

The unmodeled periodic disturbances of speed loop mainly
include current sampling error [11]-[13] and flux harmonics
[29]-[30]. Considering the filtering effect of rotor inertia and
speed measurement, the amplitude of speed fluctuation caused
by flux harmonics is small [31]. So we mainly concern the
disturbances introduced by the current sampling errors in the
following analysis.

Current feedback is necessary for most motor drive systems.
The current measurement procedure, which mainly includes
sampling, low-pass filtering, polarity conversion, and calcula-
tion, is depicted in Fig. 6, where Ry, is the sampling resistance,
and uy is the offset voltage added in the polarity conversion part.
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Ignoring nonideal factors in filter and analog-to-digital con-
verter, the acquired current information can be expressed as

P Rm i
m =
RmN

where r is the transducer ration of current sensor; R,,x and ugyn
are the nominal values of sample resistance and offset voltage,
respectively.

According to (38), the accuracy of current measurement tends
to be affected by mainly two factors. One is the deviation be-
tween ug and uyy . This deviation is generally caused by unbal-
anced positive and negative feeding voltage of the sensor and
zero voltage drift of the analog devices. The other is the varia-
tion of Ry, caused by temperature rise. These two aspects cause
offset and proportion errors between ¢,, and .

i0a, top and K, Ky are defined as the offset errors and
proportional coefficients of currents in phase A and phase B,
respectively. iy, o and i, g are defined as the measurement values
for i5 and ip; then

{imA = KAiA + Z'OA

tmB = Kpip +ioB

Uy — UpN
TRmN

= Ki+ig (38)

(39)

Transform (39) into synchronous rotating coordinate and sup-
pose that Ky = Kp = 1, then

Aig = io% +ioaioB + i2p sin (wet + @)
f
40)
Ai, = 2 25 +ioaion + i2p cos (wet + )
q \/g 0A 0B ’

where Aiq = inq — iq; Alq = imd — @q; tq and i, are real
current values of d- and g-axis, respectively; ¢,,q and i,,, are
the measurement values for ¢q and i, respectively; and a is the
angle between stator current vector and rotor position.

When ip4 = top = 0, it yields

3 . ™ (2— Ky — K
Aldz?(KB—KA)ISIH(ZUet“Fg)‘i‘%l
Aiqzﬁ(KB—KA)Isin(Qwet—i—z)—ﬁ(KA—KB)I

3 370 1)

where [ is the amplitude of phase current.

It can be seen from (40) and (41) that the current sampling er-
rors will introduce disturbances into current feedback channels.
The frequencies contained in the disturbances are same as and
twice of the fundamental frequency. It should be noted that it is
difficult to eliminate these disturbances through circuit design
techniques, as they mainly come from current sensor itself and
working temperature. These periodic disturbances are often the
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major cause of poor control performance, and if suitable com-
pensation is not applied, the speed will oscillate in the steady
state, particularly at low values.

The first kind of the nonperiodic disturbances of speed loop is
the inertia mismatch. The inertia J of a PMSM system, including
both rotor and load, is usually a constant during a short-term
operation process. However, the inertia of the whole system
is time-varying in some special applications [11]. The second
kind is the friction torque. Friction is the tangential reaction
force between two surfaces in contact. The nonlinear effects of
[riction are unavoidable and widely exist in drive systems, which
may cause steady-state errors and tracking lags. The third kind
is the load torque. Torque on the load side is generally deemed
as one of the most severe nonperiodic disturbances affecting
the dynamic performance. For example, since the transmission
mechanism is not an ideal rigid body, mechanical resonance
can be easily excited due to the load torque. Speed is inevitably
changed when load torque is imposed on the motor.

Considering the periodic and nonperiodic disturbances above,
the mechanical equation of PMSM can be expressed as

dw . .
Ja = 1.5ptroiqrer + 1.5ptbpo Aig — T1, — Thic — Ty

(42)
where T}, represents friction torque; 7y = AJ(dw/dt) rep-
resents torque errors caused by the inertia mismatch; AJ is the
value of mismatch inertia. From (42), it could be known that, on
one hand, T}, and 71, can be regarded as the constant distur-
bances due to the variation period of load and friction torque is
much longer than the control period. Hence, the impact of T4,
and 77, on the speed control performance can be eliminated by
the integral internal model of PIRC effectively. On the other
hand, Tj = 0 in the static states because of dw/dt ~ 0.

D. Design of Speed PIRC

According to (42), the frequencies of the harmonic distur-
bances are w, and 2w, in the speed loop. Therefore, the res-
onant internal model with resonant frequency w, and 2w, [in
9), w1 = we, I =1, 2] are embedded in the speed PIRC to
suppress the speed fluctuation, as shown in Fig. 3(c).

After embedding the resonant model, the control law of speed
PIRC could be determined as follows. First, discretize (42), and
then establish the predictive model of speed loop according to
(13)

Ty (k+1) A Ty (k) B,
—_—— =~ —
Aw(k+1) 10| [Aw(k)| [1.5pTsbs0/J
= +

w(k+1) 11 w(k) 15pTabyo/ J
A grer (k)
Chs
yb(k) = [O 1}
w(k)
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Next, according to (14), the corresponding optimization prob-
lem for the speed PIRC is established as

Nipa
min V (k) = W, —w(k+ )
Ailyrer (K) (k) ;[ et —w (k+j)]

Nsp(]
+ Rapa 3 A (k+j—1)

Jj=1
s.t. wnls(k + 1) = Amswms(k) + BmsAi/qref(k)

Ys (k) - Cmsmms (k) (44)
where w,¢r is the reference value of the mechanical angular
frequency; w is the mechanical angular frequency of motor;
Ngpa is predictive horizon of speed PIRC. We generally take
the value of Vg, 47T larger than the mechanical time constant,
namely Ngpq > %; R}, q is the weight coefficient, which
is used to avoid the severe changes of A ., and then the
smooth speed control can be guaranteed.
By solving the optimization problem in (44), we can get

AT gror = (FTFy + Rypa) " P [wrer — Qs (k)] (45)
where
C!])SBU]S 0 .. 0

CHIS AII!S BI!!S
Fy =

CII]S BHI S

Ngpaq—1 Ngpa—2
CmsAm;P( B'ﬂls CI‘HSAID;I)( B[I\S AR CmsBms

AI/qref = [Ai,qrcf (k) AZ./qrcf (k+ 1) “ee Ai,qruf (k"’_]vspd - 1) }T

— dis T
Rspd - dldg[Rspd Rspd s Rspd ]
Ns‘pd
T
Wref = [wrcf Wref -« wrcf]
N

spd

_ 2 Ngpa 1T
Qé‘ - [CmsAms CmsAms CmsAm;p( ] .

Then, according to the receding horizon control principle, we
can get

Aifer (k) =[10... 0] AT gres.
—

(46)

Finally, according to (21), the control law of speed PIRC can
be written as

aret (k) = [14 Gss (2)] [{'qret (B — 1) + Ad'grer (F)] -
(47)
where Ggy represents the resonant internal model of speed
PIRC.
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Fig. 7. Nyquist curves of current loop. (a) Influence of we.
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V. STABILITY ANALYSIS

A. Stability Equivalent Conditions Between the Standard
MPC and Proposed PIRC

Several literatures show that the closed-loop stability of the
standard MPC would be guaranteed if the predictive horizon is
long enough [32]. In this section, according to the analysis of
Section III, we will give the following equivalent conditions of
stability between the standard MPC and proposed PIRC.

Condition 1: [1 + Gx(z)]~! has strong attenuation effect on
the signal that frequencies are equal to the resonant frequencies.

Condition 2: [1 + Gx,(z)]”" has little effect on the amplitude
and phase of signals that frequencies are not equal to the resonant
frequencies.

The Resonant coefficient K, and the cut-off frequency w, are
two important parameters for Gy, (z). To investigate the influence
of K, and w. on Conditions 1 and 2, the Nyquist curves of
current loop are drawn in Fig. 7. In Fig. 7(a), w, is 0.01 rad/s
constantly, and K, is 1, 1 X 103, and 1 x 10%, respectively.
In Fig. 7(b), K, is 1 constantly, and w, is 2, 20, and 40 rad/s,
respectively.

As shown in Fig. 7(a), the gain of resonant internal model
on the resonant frequency decreases with the increase of w..
However, the system characteristic is not influenced when the
signal frequency is not equal to the resonant frequency. So it
can be concluded that w, has limited effect on the Condition 2.

From the first look to the Fig. 7(b), the stability of the system
is improved with the increase of I, as the Nyquist curves of
the system get more and more far from the key points (—1, 0).
Howeyver, the characteristic deviation between the PIRC-based
system and the MPC-based system get greater with the increase
of K., which means the resonant internal model also affects
the characteristic of the signals beyond the resonant frequency.
Therefore, Condition 2 will no longer be established with the
overlarge value of K, and then the stability of the system is
influenced.

According to digital control theory [33], the above stability
conditions established in continuous system can still be applied
to digital control system. However, the selection of 7 should
be carefully considered to reduce the predictive errors caused
by discretion, and then guarantees the accurate evaluation of
system behavior.
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Fig. 8. Bode diagram of [1 + unasi—R]il when the resonant frequency
equals to 15 rad/s. (a) Ky = 2.0/wc. (b) we = 0.1 rad/s.

For the PIRC-based PMSM drive system in this paper, the
following aspects should be considered during the selection of
Ts. 1) The switching frequency of common-type IGBT must
not higher than 10 kHz during long-time work, then 7 should
be larger than 100 ps. 2) According to the relevant sampling
theorem [33], for a system with a rise time on the order of 1
s (which translates to a closed-loop bandwidth on the order of
0.5 Hz), it would be typical to choose a sample rate of 10 to
20 Hz in order to provide some smoothness in the response
and to limit the magnitude of control steps. This means that the
desired T should be shorter than 7/(20wy,), where wy, denote
the bandwidth of control system. In the practical application, a
higher sampling rate (shorter control period 7) is a better choice
for ensuring the control performance and saving the design time.

B. Tuning Method of w. and K, Based on the Stability
Conditions

1) Tuning method of w.. According to the analysis of
Section V-A, the influence of w. on the stability is smaller
than K, Hence, to achieve the purpose of determining the value
of w. and K, separately, we let K, = 2.0/w, in (6), then we
can get

2s
$2 4 2wes + (lwy )

G (s) = (48)

From (48), we can see that the amplitude-frequency charac-
teristic of G is independent of K. And, the Bode diagram of
[1 + G]’1 under the condition of K, = 2.0/w, is shown in
Fig. 8(a).

As shown in Fig. 8(a), only the bandwidth of [1 + G]!
becomes larger with the increase of w., which means the value
of w. has no effect on the Condition 1 when K, = 2.0/w.
Hence, the value of w. should be selected as small as possible to
meet the requirement of the Condition 2. However, considering
the small fluctuations of the angular frequency of the motor,
it is necessary to reserve bandwidth to guarantee frequency
matching between PIRC and periodic disturbances. For this
reason, we assume the fluctuations of the angular frequency of
motor is ¢, and then letw, = «,, K; = 2.0/w, at first. If the
PIRC have suppression effect on the periodic disturbances under
this condition, then the value of w, should be decreased until
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TABLE II
PMSM PARAMETERS

Parameter symbol value
Rated power Py 6.0 kW
Number of pole-pairs p 8
Rated speed nN 300 r/min
Rated torque S 192 N-m
Rated current In 11.8 A
Permanent magnet flux i 0.9031 Wb
Stator resistance R, 0.76 Q
Stator inductance L 13 mH
DC-bus voltage Uqe 580V
Dead time of the inverter Ta 3.0 ps
Discrete control period T 200 pis

the resonant frequencies of PIRC mismatch with the periodic
disturbances. Otherwise, the value of w, should be increased
until PIRC could suppress the periodic disturbances.

2) Tuning method of K,. After determining the value of w,,
the tuning method of K is given as follows. From (6), the Bode
diagram of [1 + unasi,R]’l when w, = 0.1 rad/s is shown in
Fig. 8(b). It can be seen from this figure that the attenuation
effect of [1 + una‘si_R]’l on the resonant-frequency signal be-
comes stronger with the increase of K, (see Condition 1). How-
ever, [1 + qumsi,R]’l also has greater impact on signals whose
frequency are not equal to the resonant frequency (see Condi-
tion 2). Then, the selection of K, is a compromise between
Condition 1 and 2. In this paper, we first define the frequency
range when the amplitude response of [1 + Gquasi-r (2)]7!
smaller than —3 dB as the bandwidth of [1 + Gquasi-r (2)] 7.
Second, the corresponding value of K, that could make the
bandwidth of [1 + Gquasi—r (2)] ! equals to o, will be consid-
ered as the optimal value, as shown in Fig 8(b). It is worth to be
mentioned that this tuning process of K, is very complicated.
So, MATLAB/Simulink is recommended to determine the value
of K, in practical application.

VI. EXPERIMENTAL VERIFICATION

To verify the practicability and validity of PIRC, the experi-
ments are carried out on a 6-kW surface mounted PMSM. The
parameters of the motor are given in Table II. In the experimental
test bench, a TMS320F28335 Digital Signal Processor (DSP) is
employed for algorithm implementation, and the sampling tasks
of ac-side currents and dc-side voltage are also accomplished by
DSP. Besides, the load is a 11.2-kW induction motor controlled
by S120 produced by Siemens. The photo of the implemented
system is shown in Fig. 9.

In the following experiments, the PMSM control strategies
based on the cascaded MPC and PIRC are implemented, respec-
tively. In order to realize the offset-free tracking for reference
current and speed, in the MPC-based control strategy, the inte-
gral loop is also embedded in the MPC referring to [34]. While
adapting MPC, for the current loop, R.,; = 0.01, Ney = 10.
For the speed loop, Rspq = 10, Ngpa = 100. PIRC chooses
the same weighting factors and predictive horizons as MPC. In
addition, we choose w, = 0.05 rad/s, X, = 50 unless other-
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Fig. 9. Photo of the implemented system.

wise stated, and iq,¢ 1S set to zero for reducing the idling loss
of motor in the following experiments. At last, it is worth to
mention that the discrete control period and sample period of
algorithm are identical in this paper.

Fig. 10 shows the dynamic experimental waveforms when
adopting the PIRC-based control strategy, respectively. In the
experiments, the reference value of the electrical angular fre-
quency we rof 1 employed as the basis of disturbance frequency,
instead of the actual angular w,.. For example, the resonant
frequency of current loop is set as 6w rof, and the resonant
frequency of speed loop is set as we rer and 2we yef-

As shown in Fig. 10(a), when the reference speed changes
from 50 to 100 r/min abruptly, the resonant internal model has
no restraint effect due to the difference between resonant fre-
quency and disturbance frequency, and then PIRC transforms
into MPC so that the PIRC could track the reference speed
rapidly. As shown in Fig. 10(b), when the load is increased
from 0 to 50 N-m abruptly, speed will exist small fluctuations,
but the actual speed could track its reference well due to the
good dynamic adjustment ability of the predictive algorithm so
that the fluctuations of speed and current could be eliminated
rapidly. The above phenomenon indicates that the PIRC could
suppress the periodic disturbances by employing the resonant
internal model, but it can still retain the same excellent dynamic
performance as the MPC.

Fig. 11 shows the waveforms about i, , iq, iy, and its reference
igret- In the experiments, PMSM operates at 100 r/min and the
load is 100 N-m.

As shown in Fig. 11, the periodic disturbances of the six times
electrical angular frequency will be apear in the stator currents
beacuse of the dead time effects and flux harmonics. When using
the MPC-based control strategy, the average fluctuation of i is
4 A, and the 2nd and 6th harmonics of the stator currents are
high, which causes the distortion of the stator current. Among
them, the 2nd harmonic is mainly introduced by the current
sampling error, and the 6th harmonic is mainly caused by the
dead time effects and flux harmonics. When using PIRC-based
control strategy:

1) i can effectively track its reference iqyef.
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2) The 6th harmonic of the stator currents can be effectively
suppressed because the current PIRC contains the 6th
resonant internal model. Compared with the MPC, the
content of 6th harmonic drops by about 20% in the stator
currents.

3) Beause the speed PIRC contains the 1st and 2nd resonant
internal model, the more stable g-axis reference current
is obtained. As a result, the average fluctuations of i, are
reduced to 2.5 A and reduced by 37.5%. The quality of
stator current waveform is improved.

Fig. 12 shows the waveform of n, and iq.f When using

an MPC-based and PIRC-based strategy, respectively. In the
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Fig. 13.  Performance of speed PIRC controller under different parameters. (a)
we = 0.01 rad/s, K, = 250. (b) we. = 0.05 rad/s, K, = 50. (¢) w. = 0.1 rad/s,
K, =25.

experiments, PMSM operates at 100 r/min, and the load is
100 N-m.

As shown in Fig. 12, when using an MPC-based strategy, the
speed exists 13-Hz periodic fluctuations under the influence of
the current sampling error and the average fluctuation amplitude
is about 4 r/min. When using PIRC-based strategy proposed
in this paper: 1) the speed can effectively track its reference.
2) As speed PIRC contains the Ist and 2nd resonant internal
model, compared with MPC, the 1st harmonic of speed drops
by about 60% according to the fourier decomposition for speed
waveform, and then the more stable speed control performance
has been achieved.

Fig. 13 shows the experimental waveforms with speed PIRC
under the different parameters. In the experiments, different
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w. and K, of speed PIRC are selected according to the tun-
ing method in Section V-B. For example, while selecting
w. = 0.01 rad/s, and substituting this value into (6), the
expected K,is the vlaue which could make the band-
width of [1+ Gx(2)]™' equal to «, = 1.5 r/min x 2 x
/30 =0.314 rad/s according to the proposed tuning method.
By MATLAB/Simulink, we can obtain the corresponding value
of K, which is equal to 250 approximately. In the same way,
the values of K, corresponding to w. = 0.05rad/s and 0.1 rad/s
can be obtained, and their values are 50 and 25, respectively.
The Bode diagrams of [1 + Gx:(2)] ! under these different pa-
rameters are shown in Fig. 14. From this figure, we can see that
the bandwidth of [1 + G (2)] ™! for the three parameter-sets are
identical with the proposed tuning method. The only difference
is, the greater w, is, the greater characteristics deviation between
(6) and (5) is. As a result, the amplitude-frequency response at
the resonant frequency decreases with the increase of w., which
lead to the convergence time of the resonant internal model in-
creasing, as shown in Fig. 13. Therefore, a smaller w. should be
selected preferentially in the practical applications.

VII. CONCLUSION

This paper proposes the PIRC that can effectively suppress the
constant, slow-variation, and periodic disturbances. And, the
PIRC has been applied in the PMSM drive system in this paper.
Experimental results have verified that the periodic disturbances
caused by the dead time effects and the current sampling error
are suppressed effectively with the help of PIRC. There are the
following two main contributions in this paper.

1) The predictive model and the control law of the PIRC
are given. In order to enhance the inhibition ability of
the periodic disturbances, the resonant internal model is
embedded in the standard MPC, which formed the PIRC.
A PMSM control strategy-based on the cascaded PIRC
is proposed, and relevant stability conditions have been
given. Furthermore, the detailed parameter tuning meth-
ods of the PIRC in PMSM drive system have also been
analyzed in this paper.
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