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Flux Immunity Robust Predictive Current Control
With Incremental Model and Extended State
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Abstract—A robust predictive current control algorithm for per-
manent magnet synchronous motor (PMSM) drives is proposed.
The robust controller adopts an incremental system model, thus
can operate without knowing the rotor flux, which is a pivotal pa-
rameter in conventional dead-beat control. The incremental model
is easy to implement compared with relevant flux identification al-
gorithms or observers. The robust controller adopts an extended
state observer (ESO) to enhance inductance robustness to cater for
the divergence caused by stator inductance mismatch. The induc-
tance mismatch uncertainties can be estimated and compensated
by ESO. Conventional dead-beat control is modified for multistep
prediction to achieve high disturbance rejection. Detailed stability
and disturbance rejection analysis are conducted theoretically, and
rules on parameter selection are given. Comparative simulations
and experimentations verify the effectiveness and superiority of
proposed robust control over conventional dead-beat control.

Index Terms—Disturbance rejection, extended state observer
(ESO), incremental model, permanent magnet synchronous motor
(PMSM) drives, predictive control, robustness.

NOMENCLATURE

R Stator resistance.
Ld , Lq Stator inductance (d, q axis, respectively).
LPPC Inductance parameter used in PPC.
LR−PPC Inductance parameter used in R-PPC.
ψf−PPC Rotor flux linkage used in PPC.
RPPC , RR−PPC Stator resistance used in PPC and R-PPC.
ψf Rotor flux linkage.
ud , uq Stator voltage (d, q axis, respectively).
id , iq Stator current (d, q axis, respectively).
ωe Electrical rotor speed.
T Sampling period of current-loop.
k Sample.
Te Electromagnetic torque.
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TL Load torque.
Δ Symbol of increment.
ωc Bandwidth of ESO.
c1 , c2 Gains of ESO.
k1 , k2 States of ESO.
.ref Reference value.
ˆ Estimated value.

I. INTRODUCTION

P ERMANENT magnet synchronous motors (PMSMs) are
widely used in industrial products, such as numerical con-

trol machines, industrial robots, and electric vehicles due to
significant advantages such as high power-weight ratio, small
volume, and simple structure. These application fields require
rapid electrical torque response, thus fast dynamic performance
is fundamental for a PMSM drive [1]–[4]. Since dynamic current
response is responsible of dynamic torque performance, a fast
current-loop is required for fulfilling mechanical requirements.
Many current control methods have been developed, such as
hysteresis control [33], [34], direct torque control [5], sliding
mode [35], predictive current control [6]–[10], and the combi-
nation of these concepts [11]–[13].

Among controllers, predictive controllers offer the fastest re-
sponse [36]. Predictive control techniques can be divided into
two categories: finite control set model predictive control [14]–
[16] and dead-beat control [17]–[20]. Because pulse-width mod-
ulation (PWM) is adopted in dead-beat control to translate
control voltages into switching signals, dead-beat control is
denoted as PWM predictive control (PPC) in this paper. PPC
appears a suitable precise method for a PMSM drive due to
its modulation module, which guarantees fast dynamics and
low current ripple. Since PPC is based on a system model, its
performance largely depends on the accuracy of model parame-
ters, especially the stator inductance and rotor flux. This motor
parameter accuracy tends to limit industrial application. Thus, a
robust and easy-implemented modification to PPC is required.

In a PMSM, the rotor flux is equal to the permanent magnet
flux linkage. If the rotor flux used in the controller mismatches
the real flux, static error or oscillation of the current will occur.
However, rotor flux is difficult to measure directly, plus for a
ferrite-based magnet, a 20% flux reduction occurs per 100 °C
ambient temperature increase [41]. Since PMSM applications
differ, rotor flux reductions vary. This produces errors in the
back electromotive force (EMF) calculation or deteriorates PPC

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



9268 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 12, DECEMBER 2017

performance when using a fixed flux value instead of an online
estimation of rotor flux. Thus, the main approach to improve
flux robustness is based on identification. Many flux estima-
tion methods have been investigated [21]–[27], [37]. In [22],
position offset based parameter estimation is used to estimate
rotor flux, along with some other mechanical parameters. In
[37], a Kalman filter and Luenberger observer were used to es-
timate rotor variables to improve the performance of predictive
current control, and satisfactory results were obtained. Another
strategy based on injecting flux weakening current (id �= 0) to
estimate flux was presented in [23] and [24]. The main disad-
vantage is that accuracy is influenced by the nonlinearity typical
of a voltage-source inverter (VSI). In [25] and [26], distorted
voltage compensation due to VSI nonlinearity is incorporated
to achieve flux estimation. In [27], an integration method was
proposed to eliminate the q-axis current static error caused by
flux mismatch, but the strategy impairs dynamic response. The
disadvantages of identification are dependent on accurate volt-
age and current measurement. Also, identification techniques
are complex to practically implement.

Inductance mismatch is also common and some methods
[28]–[31] present effective solutions. In [28], novel robustness
designs were proposed to diminish the current oscillation caused
by large controller inductance, but the system bandwidth is low-
ered. A model reference adaptive method is adopted in [29] and
[30], which effectively attenuates the error between the cur-
rent reference and the feedback. In [31], a predictive current
controller combined with a Luenberger observer was proposed
to mitigate parameter uncertainty influence. But the focus was
more on converter uncertainty than stator inductance. These ap-
proaches that aim to enhance inductance robustness are also
complex, and none combined an incremental model.

Extended state observer (ESO) proposed in [40] has ad-
vantages over conventional observers, such as independence
from mathematical model accuracy, robustness, and good dy-
namic performance. ESO can estimate the unknown disturbance
caused by inductance mismatch with high accuracy. Also only
observer gains need to be tuned and the tuning process is not
complicated, because the gains are determined by the desired ob-
server bandwidth. Therefore, ESO can realize robustness against
inductance mismatch and variation without complex observer
tuning.

In order to eliminate rotor flux effects, with improved ro-
bustness against inductance mismatch and load disturbance,
this paper proposes a robust PPC (R-PPC) algorithm, which
has three main advantages. First, R-PPC adopts an incremental
model, thus can operate without rotor flux. This modification
improves flux robustness and avoids sophisticated flux identi-
fication methods or observers. Thus, it is readily applicable in
practical applications. Second, R-PPC improves resilience to
load disturbance compared to conventional PPC by applying
multistep prediction to R-PPC. Third, it combines an incremen-
tal model with an ESO, which estimates the error caused by
inductance uncertainty and compensates this in the prediction
model.

This paper is organized as follows. Conventional PPC is in-
troduced in Section II. The R-PPC design is demonstrated in

Section III. Then stability and disturbance rejection ability are
analyzed in Section IV. Section V verifies the effectiveness of
the proposed R-PPC algorithm through simulations and experi-
mentations on a 750 W PMSM servo platform. Section VI draws
conclusion.

II. CONVENTIONAL PWM PREDICTIVE CONTROL

The PMSM in this paper consists of three windings (one per
phase) on the stator and permanent magnets mounted on the
rotor surface. The stator windings are sinusoidally distributed
and displaced by 120°. Neglecting iron saturation, the voltage
state-space equation of the rotor reference frame is

⎧
⎨

⎩

did
dt = − R

Ld
id + Lq

Ld
ωeiq + 1

Ld
ud

diq
dt = − R

Lq
iq − Ld

Lq
ωeid − ψf ωe

Lq
+ 1

Lq
uq
. (1)

The PMSM parameters and variables in (1) are defined in
the Nomenclature. For this surface-mounted PMSM (SPMSM),
Ld = Lq = L.

If the current-loop sampling period T is short enough, the
rotor position in a sampling period can be considered constant.
Then, the PMSM can be modeled in a discrete form using the
first-order Taylor expansion. The discrete equation is

x(k + 1) = A(k)x(k) + Bu(k) + d(k) (2)

where

x(k) = [id(k) iq (k)]
T u(k) = [ud(k) uq (k)]

T

A(k) =

⎡

⎣
1 − T R

L Tωe(k)

−Tωe(k) 1 − T R
L

⎤

⎦ B =

⎡

⎣

T
L 0

0 T
L

⎤

⎦

d(k) =

⎡

⎣
0

−T ψf ωe (k)
L

⎤

⎦ .

In conventional PPC, optimal control voltages should regulate
currents to track their reference in a single sampling period
due to deadbeat characteristics. Through transformation of the
discrete state (2), optimal control voltages are obtained using
the following equation, in which the B matrix is invertible:

u(k) = B−1 [xref (k + 1) − A(k)x(k) − d(k)
]

(3)

where xref (k + 1) = [id ref (k + 1) iq
ref (k + 1)]T .

From (3), the prediction horizon of PPC is 1. The calculation
of dq-axis voltage vectors is based on reference currents, stator
currents, rotor position, and rotor speed. PWM transforms the
control voltages into specific duty cycles. Through modulation,
PPC guarantees a fixed switching frequency and low current rip-
ple. Within a single sampling period, the actual current follows
its reference. The q-axis current reference irefq (k + 1) equals

the speed-loop controller output, and for SPMSM, irefd (k + 1)
is set to 0.

III. DESIGN OF THE ROBUST PWM PREDICTIVE CONTROLLER

In this section, conventional PPC is improved to eliminate
the effect of rotor flux, and improve robustness against load
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Fig. 1. Values of Δd(k) in speed transient and steady process versus different
current-loop sampling frequencies for SPMSM of Table I.

disturbances and inductance mismatch. This robust PPC algo-
rithm will be referred to as R-PPC.

A. Elimination of Rotor Flux

Rotor flux is a pivotal parameter since back EMF is Keωe ,
where Ke is back EMF coefficient and Ke is proportional to
rotor’s flux ψf . From (2), rotor flux ψf only appears in matrix
d(k). In order to eliminate the effect of rotor flux, considering
the incremental form of the state equation

Δx(k + 1) = A(k)Δx(k) + BΔu(k) + Δd(k). (4)

In a steady-state process, the electrical rotor speed ωe is con-
stant, thus the increment of d(k) is as follows:

Δd(k) =

[
0

−T ψf

L Δωe(k)

]

=

[
0

−T ψf

L (ωe(k) − ωe(k − 1))

]

≈
[
0

0

]

. (5)

In a transient process, especially a speed step process, the
electrical speed ωe varies rapidly. However, since mechanical
dynamics are much slower than electrical dynamics, the rotor
speed can still be considered constant during successive current-
loop sampling periods. Fig. 1 demonstrates the values of Δd(k)
with different current-loop sampling frequencies, and the sam-
pling frequency of the speed-loop is 1 kHz, as in the experimen-
tation. The figure shows Δd(k) decreases as the current-loop
sampling frequency increases. Even with a relatively low sam-
pling frequency of 5 kHz, Δd(k) remains significantly small.
Therefore, Δd(k) � 0 is valid in both transient and steady

processes, so the rotor flux ψf has minimal influence in the
incremental model.

The PMSM is a nonlinear, strongly coupled system. Through
an incremental algorithm, A(k) can also be assumed unchanged
between successive sampling periods, so the system can be con-
sidered linear. For a linear system, the state equation is equiva-
lent to the incremental state equation, which is

[
Δid(k + 1)

Δiq (k + 1)

]

︸ ︷︷ ︸
Δx(k+1)

=

[
id(k + 1)

iq (k + 1)

]

−
[
id(k)

iq (k)

]

︸ ︷︷ ︸
x(k+1)−x(k)

= A

[
Δid(k)

Δiq (k)

]

︸ ︷︷ ︸
AΔx(k)

+B

[
Δud(k)

Δuq (k)

]

︸ ︷︷ ︸
BΔu(k)

. (6)

In (6), d(k), the unique matrix incorporates rotor flux, is
ignored. Thus, the incremental state equation leads to an
algorithm without rotor flux. Such a method does not rely on any
additional observer or identification strategy. Therefore, the in-
cremental model is easier to be implemented than flux observers
in practical application.

B. Enhancement of Disturbance Rejection Ability

An incremental model has been adopted to eliminate rotor
flux. The prediction horizon of conventional PPC is 1 as men-
tioned. In order to further improve disturbance rejection ability,
the prediction horizon should be increased. More consideration
of disturbances will be included in R-PPC with a larger predic-
tion horizon, but a larger prediction horizon will increase the
computational burden, possibly beyond the computing ability
of the DSP.

Assuming the prediction horizon of R-PPC is p. According
to [6] and [38], a 2-beat digital delay exists in the servo system.
Thus, the prediction horizon is suggested to be larger than 2 to
incorporate more information which is not affected by the digital
delay. Therefore, considering DSP implementation, p is chosen
as 3 in R-PPC, which can guarantee both accurate prediction
and acceptable computational effort.

In this paper, the control horizon is chosen as 1, which may
appear limiting. However, based on [38], any input signal af-
ter the (k+ 1)th instant has no influence on dq-axis currents
before (k+ 3)th instant, inside which the prediction horizon is
3. Since control horizon is less than the prediction horizon and
the predicting process needs all the control inputs within the
prediction horizon, control voltages remain unchanged beyond
the control horizon. Thus, it follows:

Δu (k + p) = Δu (k + p− 1) = Δu (k + 1) = 0. (7)

Besides multistep prediction, another modification is that cur-
rents at the (k − 1)th instant are introduced into R-PPC for im-
proving the antidisturbance capability, and this will be verified
in Section IV-B. Taking the common parts of the forecast value
of x(k − 1) and x(k) into consideration amounts to the forecast
value x(k + 1|k − 1), x(k + 2|k − 1), x(k + 1|k), and x(k +
2|k), since p = 3. Currents and speed at the kth and (k − 1)th
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instants can be measured. The prediction equation is derived as
follows:
⎧
⎪⎨

⎪⎩

Yk−1 = Su, k−1Δu(k − 1) + Sx, k−1Δx(k − 1)

+Ex(k − 1)

Yk = Su, kΔu(k) + Sx, kΔx(k) + Ex(k)

(8)

where

E = [I2×2 I2×2 ]
T

4×2 Yk−1 =

[
x(k + 1|k − 1)

x(k + 2|k − 1)

]

4×1

Yk =

[
x(k + 1|k)
x(k + 2|k)

]

4×1

Su,k−1 =

[
AB + B

A2B + AB + B

]

4×2

Su,k =

[
B

AB + B

]

4×2

Sx,k−1 =

[
A2 + A

A3 + A2 + A

]

4×2

Sx,k =

[
A

A2 + A

]

4×2

where I is identity matrix. A and B are shown in (2).

C. Calculation of Optimal Voltage

Since the proposed R-PPC is a current-loop controller, the
main goal is the stator current can accurately follow the current
reference. Then, the cost function is chosen as

J =
∥
∥αYk−1 + βYk − Iref

∥
∥2

Q. (9)

In (9), α and β are weighing factors of the predictive states
Yk−1 and Yk , respectively, and α + β = 1. Matrices Yk−1
and Yk are shown in (8). Other matrices in (9) are
⎧
⎪⎪⎨

⎪⎪⎩

Iref = [id ref (k + 1), iq ref (k + 1), id ref (k + 2), iq ref

(k + 2)]T4×1reference currents;
Q = diag(q1 , q2 , q3 , q4)4×4 weighting factors of currents

at kth and (k − 1)th sampling instants.

The priority of the R-PPC controller is to compute an optimal
voltage vector increment which can minimize the cost function

min
Δu(k)

J(x(k), Δx(k),Δu(k)). (10)

In order to solve the optimization problem, an instrumental
variable is defined according to cost function (9)

ρ = (αYk−1 + βYk − Iref )4×1 . (11)

Then, the cost function is

J(x(k),Δx(k),Δu(k)) = ρT Qρ. (12)

Substituting (8) into (11), ρ can be expressed as

ρ = βSu,kΔu(k) −

⎧
⎪⎨

⎪⎩

Iref − β (Sx,kΔx(k) + Ex(k))

−α (Su,k−1Δu(k − 1) + Sx,k−1

× Δx(k − 1) + Ex(k − 1))

⎫
⎪⎬

⎪⎭

= GΔu(k) − H(k). (13)

The extreme condition of the cost function J can be obtained

∂J

∂Δu(k)
=

∂ρT Qρ
∂Δu(k)

= 2GT Q (GΔu(k) − H(k)) = 0

⇒ Δu(k) =
(
GT QG

)−1
GT QH(k). (14)

The second order partial derivative of J is

∂2J

∂Δu(k)2 = 2GT QG > 0. (15)

Since the second-order partial derivative is positive, Δu(k) =
(GT QG)−1GT QH(k) is the optimal voltage vector increment
which minimizes the cost function. According to (13), Δu(k) at
kth instant can be expressed as

Δu(k) =
1
β

[
Su,k T QSu,k

]−1
Su,k T QH(k). (16)

In (16), H(k) is shown as follows, according to (13)

H(k) = Iref − αSx,k−1Δx(k − 1) − αSu,k−1Δu(k − 1)

− αEx(k − 1) − βSx,kΔx(k) − βEx(k). (17)

It consists of two parts: feedforward compensation based on
the future reference Iref , and state feedback compensation.
Thus, R-PPC has a “feedforward-feedback” structure, which
can quickly reduce the negative influence caused by disturbance
and guarantee stability of the closed-loop system.

All the matrices in (16) and (17) are shown in (8) and (9).
Then, the final control voltage of R-PPC at the kth instant is

u(k) = u(k − 1) + Δu(k) (18)

where u(k – 1) is the control voltage at the (k − 1)th in-
stant, and Δu(k) is optimal voltage increment calculated by (16)
and (17).

Some critical issues about Iref and the Q matrices should
be discussed. The current reference at the (k + 1)th instant
irefq (k + 1) is obtained from the speed-loop controller output.

For an SPMSM, id is often controlled as 0, then irefd (k + 1) =
0. Since the sampling period of current-loop is small, the cur-
rent reference at the (k + 2)th instant can be assumed approx-
imately equal to the (k+ 1)th instant. Then, irefq (k + 2) =
irefq (k + 1), irefd (k + 2) = irefd (k + 1) = 0.
q1 , q2 , q3 , and q4 in the Q matrix represent the weighting

factors of id(k − 1), iq (k − 1), id(k), and iq (k), respectively.
According to [39], id(k − 1), iq (k − 1), id(k), and iq (k) all
have the same nature (same unit and order of magnitude) and the
cost function shown as (9) can be categorized as cost functions
without weighting factors. Therefore, no weighting factors and
their corresponding tuning process are necessary. In other words,
the importance of q1 , q2 , q3 , and q4 is the same, so for simplicity,
the Q matrix is set as an identity matrix.

D. Design of Extended State Observer

Conventional PPC produces static error, or even unstable os-
cillation of the currents, if the parameters in predictive controller
do not match the real motor parameters. According to [27], ar-
mature resistance R can be neglected in predicting (2), while
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stator inductance L is critical to system stability. [28] established
that when inductance in PPC is more than double of real value,
current oscillation and system divergence will occur. Therefore,
to eliminate the negative impact caused by inductance mismatch
and to improve robustness against inductance variation, an ESO
is incorporated.

In order to analyze the influence of inductance mismatch, (1)
can be changed to
{ did

dt = − R
L0 +ΔL id + ωeiq + 1

L0 +ΔL ud

diq
dt = − R

L0 +ΔL iq − ωeid − ψf ωe
L0 +ΔL + 1

L0 +ΔL uq
(19)

where ΔL is the inductance mismatch and L0 is the nominal
inductance value. Equation (19) can be changed to a predictive
state equation:

ẋ(t) = Ax(t) + Bu(t) + d(t) + Bum (t) (20)

where um (t) represents the equivalent dq-axis voltage error
caused by inductance mismatch and its effect can be compen-
sated if um (t) can be estimated by the ESO.

The voltage error caused by inductance mismatch can be
extended as a new state in the ESO. This means the mismatch
effect can be obtained through a feedback structure in the ESO.
The ESO is independent of the system mathematical model and
has strong robustness. Thus, the ESO is suitable to estimate
motor currents with inductance mismatch.

According to (20), the ESO can be designed as follows:
{

k̇1(t) = k2(t) + Ax(t) + Bu(t) + d(t) + c1 [x(t) − k1(t)]

k̇2(t) = c2 [x(t) − k1(t)]
(21)

where k1 and k2 are two states of the ESO, c1 and c2 are the
ESO gains. k1(t) → x(t) and k2(t) → Bum (t), where the
dimension of k1(t) and k2(t) are both 2 × 1. k1(t) and um (t)
generated by ESO are denoted as

k1(t) =
[
îd(t) îq (t)

]T
um (t) = [ud error uq error ]

T

where îd(t) and îq (t) are the estimated dq-axis currents; ud error
and uq error are the equivalent voltage errors at dq-axis caused
by inductance mismatch.

The discrete form of (21) can be obtained through a one-order
Taylor expression
⎧
⎪⎨

⎪⎩

k1(k + 1) = (1 − Tc1)k1(k) + T [k2(k) + Ax(k)

+ Bu(k) + c1x(k)] + Td(k)

k2(k + 1) = k2(k) + Tc2 [x(k) − k1(k)] .

(22)

In order to eliminate the effect of rotor flux which appears in
d(k), state (22) is also changed into an incremental form. Since
Δd(k) �0 has been established in part A, the incremental state
equation of the ESO can be expressed as
⎧
⎪⎨

⎪⎩

Δk1(k + 1) = T [Δk2(k) + AΔx(k) + BΔu(k)

+ c1Δx(k)] + (1 − Tc1)Δk1(k)

Δk2(k + 1) = Δk2(k) + Tc2 [Δx(k) − Δk1(k)] .

(23)

Therefore, in (17), x(k), Δx(k), and Δu(k – 1) are substituted
by k1(k), Δk1(k), and Δu(k – 1) + B–1Δk2(k – 1), respectively,
then (17) is converted to

H′(k) = Iref − αSx,k−1Δk1(k − 1) − αEk1(k − 1)

−βSx,kΔk1(k) − αSu,k−1 [Δu(k − 1)

+ B−1Δk2(k − 1)] − βEk1(k). (24)

Then, optimal voltage increment Δu(k) is still computed
through (16), while H(k) is replaced by H′(k). Finally, the opti-
mal voltage u(k) is input into the SVPWM module.

IV. PERFORMANCE ANALYSIS OF THE SYSTEM WITH R-PPC

The PMSM drive system structure diagram with R-PPC con-
troller is shown in Fig. 2. The proposed R-PPC strategy is used
to substitute conventional PPC to gain better parameter robust-
ness. id and iq are provided for the ESO in order to generate
the equivalent voltage errors caused by inductance mismatch.
The equivalent voltage errors and observed dq-axis currents are
used in the current prediction. The predictive currents are used to
calculate the optimal control voltage. After calculation, optimal
voltage references are generated, and these voltages are trans-
ferred into specific switching signals using SVPWM module.

A. Stability Analysis

First, the stability of the ESO is analyzed, since this is the
foundation of the stability of whole system because the ESO
provides estimated states for current prediction. Then, (20) can
be changed into the following form:
[

ẋ(t)

Bu̇m (t)

]

=

[
A 1

0 0

][
x(t)

Bum (t)

]

+

[
Bu(t)

0

]

+

[
d(t)

Bf(t)

]

(25)
where Bf(t) is the changing rate of Bum (t). Then, (21) can be
expressed as
[
k̇1(t)

k̇2(t)

]

=

[
−c1 1

−c2 0

][
k1(t)

k2(t)

]

+

[
c1x(t) + Ax(t)

c2x(t)

]

+

[
Bu(t)

0

]

+

[
d(t)

Bf(t)

]

. (26)

The error between the two state equations can be obtained by
subtracting (25) from (26)
[
k̇1(t) − ẋ(t)

k̇2(t) − Bu̇m (t)

]

=

[
−c1 1

−c2 0

][
k1(t) − x(t)

k2(t) − Bum (t)

]

. (27)

Substituting k1(t) − x(t) and k2(t) − Bum (t) as e1(t) and
e2(t), respectively. Then, error state equation can be obtained

[
ė1(t)

ė2(t)

]

=

[
−c1 1

−c2 0

][
e1(t)

e2(t)

]

. (28)

According to Hurwitz stability criterion, the ESO will be
stable if c1 , c2 > 0. In [32], an ESO parameter selection method
is presented, where c1 = 2ωc , c2 = ω2

c where ωc is the desired
ESO bandwidth.
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Fig. 2. Structure of the PMSM drive system with the R-PPC controller.

On the basis of a stable ESO, R-PPC stability can be evalu-
ated. In (16), let 1

β [Su,k T QSu,k ]−1Su,k T Q =Kpc and the di-
mension of Kpc is 2 × 4. Then, the incremental state equation
can be formulated as

Δx(k + 1) = AΔx(k) + BΔu(k)

= (A − BKpcSx,k )Δx(k) − α

β
BKpcSx,k−1Δx(k − 1) + δ

(29)

where δ represents the sum of the items which do not include
terms Δx(k) and Δx(k – 1).

In steady state, Δx(k) = Δx(k − 1), while in a dynamic
process, since the sampling frequency of current-loop is suffi-
ciently small, Δx(k) and Δx(k – 1) can still be assumed equal in
successive sampling periods. Then, (29) can be transformed to

Δx(k + 1) = AΔx(k) + BΔu(k)

= (A − BKpcSx,k − α

β
BKpcSx,k−1)Δx(k) + δ

= MΔx(k) + δ. (30)

The dimension of M is 2 × 2. Assuming the two eigenvalues
of M as λ1 and λ2 , λ1 and λ2 are conjugate and can be
expressed as

λ1 = λreal + jλimageλ2 = λreal − jλimage (31)

where λreal and λimage represent the real and image parts of
the eigenvalues, respectively.

The stability condition is that all the eigenvalues of matrix M
must be located within the unit circle, which can be expressed as

P =
√

λreal
2 + λimage

2 < 1. (32)

P is the amplitude of the eigenvalue, where if P< 1, the whole
system will be asymptotically stable. For the 750 W SPMSM
used in this paper, the motor parameters are shown in Table I.
Only β determines the value of P. The relationship between P
and β is plotted in Fig. 3 and demonstrates that only if β > 0.45,

TABLE I
MAIN PARAMETERS OF 750 W PMSM

Parameter Symbol Rated Value

Motor Power P0 750 W
Motor Torque T0 2.39 N·m
Motor Speed n0 3000 r/min
Phase Current I0 3 A
Poles p0 4
Stator Resistance R0 2.88 Ω
Stator Inductance L0 3.9 mH
Flux Linkage of Magnet ψf 0 0.13 Wb
Inertia J0 1.82 × 10−3 kg � m2

Fig. 3. Relationship between P and β .

will P < 1, which means the system is stable. This is a critical
rule for selecting α and β.

B. Disturbance Rejection

Multistep prediction of R-PPC can improve disturbance re-
jection ability compared with conventional PPC because more
information will be incorporated with a larger prediction hori-
zon. Moreover, introducing current at the (k − 1)th instant into
R-PPC can also improve disturbance rejection ability. The effect
of load disturbances TL on the motor speed can be evaluated via
transfer functions. The speed-loop diagram is shown in Fig. 4,
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Fig. 4. Diagram of speed-loop with R-PPC.

in which the speed-loop controller is a PI regulator. Kp and KI

are proportional and integral coefficients, respectively, and cor-
respond to experimental setup withKp = 20 andKI = 0.025.
The effect of α and β against load disturbance is analyzed in
this part.

The q-axis current state equation in discrete form according
to (2) is

iq
ref (k + 1) = −Tωe(k)id(k) +

(

1 − TR

L

)

iq (k)

+
T

L
uq (k) − Tψf ωe(k)

L
. (33)

In Fig. 4, F(s) is the transfer function of current-loop without
the term ψf . i

ref
q and uq0 are the input and output, respectively.

In R-PPC, since the prediction process is based on currents
measured at the (k − 1)th and kth instants, iq (k) can be sub-
stituted approximately as αiq (k − 1) + βiq (k). For the used
SPMSM, id is controlled as 0, and the R-PPC performance
guarantees irefq ≈ iq . Thus, the discrete transfer function can
be obtained from (33)

F (z) =
uq0(z)
iq
ref (z)

=
L

T

[

z −
(

1 − TR

L

)

(z−1α+ β)
]

.

(34)
The relationship between Z domain and S domain is z = esT .

When T is sufficiently small, z ≈ 1 + sT , thence the continu-
ous transfer function from (34) is

F (s) =
L

T

[

1 + sT −
(

1 − TR

L

)(
α

1 + sT
+ β

)]

. (35)

In order to evaluate the influence of TL on speed, the system
should be considered with TL as the input and ω as the output,
whence the influence of TL on ω is elicited. Then, the transfer
function is obtained according to Fig. 4

G(s) =
ω(s)
TL (s)

=
1

[
pψf − (Kp + KI

s

)
F (s)

]
KT /(R+ Ls) − Js

.(36)

The motor parameters are those in Table I. The amplitude
characteristics with different α and β values are plotted in the
Bode diagram in Fig. 5 according to (36).

Fig. 5 shows that through appropriately reducing β, the gain
magnitude can be reduced. Smaller gain magnitude means that
the speed fluctuation ω is also small under the same load dis-
turbance TL . In other words, antidisturbance ability can be en-
hanced when β makes the gain magnitude small.

Fig. 5. Frequency characteristic with different β (input: TL , output: ω).

Fig. 6. Experimental platform of 750 W PMSM drive. (a) Load test platform.
(b) PMSM driver system.

As shown in Fig. 5, the gain magnitude is relatively small
when β = 0.6. However, if β is too small, it will result in an
unstable system according to Fig. 3. The stability of a practical
system is of foremost importance; therefore, a reasonable trade-
off between disturbance rejection ability and stability should be
reached.

In the following simulations and experimentation,α and β are
0.2 and 0.8, which guarantee system stability, and also achieve
the desired disturbance rejection ability.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Experimental Setup

The main PMSM parameters are presented in Table I and
the laboratory platform is shown in Fig. 6. It is composed of
two 750 W PMSM motors (drive and load machines), each is
controlled by TMS320F28335 DSP. The 310 V dc buses of
the drive motor and load motor are parallel connection and
load motor provides load torque. The current-loop sampling
frequency is 10 kHz and that of the speed-loop is 1 kHz. During
the experimentation, crucial variables are output to a digital
oscilloscope through DA converters on the control board. Only
stator current is directly measured by current probe.

Current and voltage restrictions are necessary to guarantee the
safety of the system. The effective limitation approach proposed
in [38], to constrain current and voltage, is adopted. To be spe-
cific, a rectangular region has been enforced to independently
limit id and iq

id ∈ [−σImax σImax] iq ∈ [−Imax Imax]

where Imax is the maximum value of dq-axis currents. σ is a
coefficient chosen as 0.2 since id is kept as zero.

As regards the voltage limit, an octagon P8 approximation is
used to enforce eight linear constraints. The octagon region is
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Fig. 7. Simulation comparison of the three methods. (a) PI current regulator. (b) Conventional PPC. (c) R-PPC.

circumscribed into a circular limit region

u ∈ P8 ⊂ {u : |u| ≤ Umax}

where u is the control voltage vector generated by the compo-
sition of ud and uq . Umax is maximum voltage determined by
the dc link voltage. In this paper, the R-PPC has been designed
to enforce a voltage limit of 180 V (dc bus at 310 V).

In following experimentation, the speed-loop uses a PI
controller with KP = 20 and KI = 0.025; tuned using the
Ziegler–Nichols method. It has an antiwindup structure, with
an antiwindup parameter of KC = 0.05. The response of the
ESO should be as fast as current-loop to provide sufficiently ac-
curate estimated states and uncertainties for R-PPC. Generally,
the bandwidth of current-loop is around 1 kHz. Hence, in this
paper, the bandwidth ωc of the ESO is chosen as 1 kHz, which
is fast enough to provide estimated states to the R-PPC. In the
simulation and experimental figures, waveforms are normalized
by taking the rated value as reference.

B. Performance Comparison of PI, Conventional PPC, and
R-PPC

First, the system performance when the current-loop uses PI,
conventional PPC, and R-PPC is compared. Current-loop PI pa-
rameters are tuned to optimal. Motor parameters used in the PPC
(RPPC , LPPC , and ψf−PPC ) and R-PPC (RR−PPC , LR−PPC )
are rated. All the controllers operate with same optimal speed-
loop PI controller.

The simulation results are shown in Fig. 7 and the experimen-
tal results are shown in Fig. 8, where speed feedback, dq-axis
currents, and phase current are shown.

The results reflect that when the three controllers are ap-
propriately tuned, all behave giving the desired current control
performance. In a transient process, iq can be restrained to its
limit (1.0 p.u.), and the phase current magnitude is also limited
to 1 p.u. id is controlled to 0 in all cases. However, in a transient
process, iq of PI controller shows slight overshoot, unlike iq
with PPC and R-PPC. This demonstrates predictive controllers
have better dynamic current performance than a PI controller.

C. Flux Robustness Comparison Between Conventional PPC
and R-PPC

The influence of rotor flux mismatch simulation results is
shown in Fig. 9 and the experimental results are shown in Fig. 10.
The speed feedback, q-axis currents reference and feedback, and
phase current are shown.

Figs. 9(a) and 10(a) show the simulated and experimental
results of conventional PPC when ψf−PPC is double of the real
flux ψf 0 . Inductance LPPC and resistanceRPPC are set to rated
value. In the transient process, iq feedback is larger than the limit
(1 p.u.). This may result in system overcurrent. In addition, an
apparent static error between iq reference and the feedback can
be observed. These results are consistent with [27], reflecting
that conventional PPC is sensitive to rotor flux, as its mismatch
deteriorates current performance.

Figs. 9(b) and 10(b) show the simulated and experimental
results of R-PPC, which operates without rotor flux since it
is based on an incremental model. Other motor parameters,
inductance LR−PPC and resistance RR−PPC are set to rated
value as with the conventional PPC case. Other parameters are
α = 0.2, β = 0.8, as presented in Section IV-B. The wave-
forms demonstrate that with R-PPC, iq feedback can track its
reference accurately, without any rotor flux knowledge.

D. Inductance Robustness Comparison Between Conventional
PPC and R-PPC

The robustness of inductance mismatch is compared between
conventional PPC and R-PPC. The simulation results are shown
in Fig. 11 and the experimental results are shown in Fig. 12, with
speed feedback, dq-axis currents feedback, and phase current
shown.

Figs. 11(a) and 12(a) show the simulation and experimental
results of conventional PPC whenLPPC is 2.5 times of the rated
value. Rotor flux ψf−PPC and resistance RPPC are set to rated
value. The results of conventional PPC show severe oscillation
of dq-axis currents and phase currents, where the current is not
controlled.

Figs. 11(b) and 12(b) show the simulation and experimental
results of R-PPC when LR−PPC is again set 2.5 times of the
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Fig. 8. Experimental comparison of the three methods. (a) PI current regulator.
(b) Conventional PPC. (c) R-PPC.

Fig. 9. Simulation results of rotor flux robustness comparison between con-
ventional PPC and R-PPC. (a) ψf−PPC = 2ψf 0 . (b) R-PPC.

Fig. 10. Experimental results of rotor flux robustness comparison between
conventional PPC and R-PPC. (a) ψf−PPC = 2ψf 0 . (b) R-PPC.

Fig. 11. Simulation results of inductance robustness comparison between
conventional PPC and R-PPC. (a) LPPC = 2.5L0 . (b) LR−PPC = 2.5L0 .

rated value. Resistance RR−PPC is equal to rated value. The
R-PPC results demonstrate that the dq-axis currents and phase
current remain stable and behave with excellent dynamic and
steady performance even though inductance mismatch occurs.
The results verify the effectiveness of ESO in improving robust-
ness against inductance mismatch.
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Fig. 12. Experimental results of inductance robustness comparison between
conventional PPC and R-PPC. (a) LPPC = 2.5L0 . (b) LR−PPC = 2.5L0 .

Fig. 13. Simulation results of disturbance rejection comparison between con-
ventional PPC and R-PPC. (a) Conventional PPC with rated load. (b) R-PPC
with rated load.

E. Disturbance Rejection Comparison Between Conventional
PPC and R-PPC

Figs. 13 and 14 show the simulation and experimental re-
sponses of conventional PPC and R-PPC controllers to rated
load, respectively. Rated motor parameters are used in con-
ventional PPC and R-PPC, while other R-PPC parameters are:
α = 0.2, β = 0.8. Fig. 13 reflects that in simulation, R-PPC

Fig. 14. Experimental results of disturbance rejection comparison between
conventional PPC and R-PPC. (a) Conventional PPC with rated load. (b) R-PPC
with rated load.

speed fluctuation is approximately 68 r/min, while that with
conventional PPC is 75 r/min, when suddenly adding or remov-
ing load. The experimental results shown in Fig. 14 demonstrate
that R-PPC speed fluctuation is approximately 70 r/min while
that with conventional PPC is 84 r/min. The recovery time of
speed with R-PPC is also shorter than that with conventional
PPC. These results show R-PPC has better disturbance rejec-
tion ability due to multistep prediction and the introduction of
x(k – 1). These results are consistent with the theoretical analysis
in Section IV-B.

F. Speed Reversal of R-PPC

The simulation and experimental results of speed reversal re-
sponses of the system are reported in Fig. 15, where the motor
is forced to reverse its direction. The system operates in a regen-
erative mode until the speed of rotor is positive; and thereafter,
the system switches to motoring mode until the rotor speed
reaches reference. The simulation result shown in Fig. 15(a)
and experiment result shown in Fig. 15(b) both demonstrate
good dynamic and steady response of currents. In addition, cur-
rents show such a good behavior without exceeding the current
limitation (1.0 p.u.).
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Fig. 15. Simulation and experimental responses of speed reversal with R-PPC.
(a) Simulation. (b) Experimental.

G. Comparison of Computational Cost and Mean Square
Error

Since R-PPC has a larger prediction horizon than with
conventional PPC and ESO is combined with R-PPC, the
computational burden of the proposed controller will be con-
siderable. In order to evaluate and compare the computation
cost when a DSP executes PPC and R-PPC, the processing
time of each stage is calculated considering 2000 iterations,
and measured by counting the reference-pulses (at 150 MHz)
of the DSP TMS320F28335. In conventional PPC, the time
demanded for current and speed measurement, and for the
speed-loop controller to generate iq reference is tm = 6.34 μs.
The time required for current prediction and optimal volt-
age vector calculation is topt = 9.40 μs. In the proposed
R-PPC, tm is the same as that with conventional PPC, while
the time required for the ESO to generate estimated dq-axis
currents and disturbances is tESO = 7.82 μs. The time needed
for current prediction is tpre = 8.05 μs and for the calcula-
tion of optimal voltage increment, topt = 7.56μs. Therefore,
the total processing time for each conventional PPC cycle is
tPPC = tm + topt = 15.74 μs, while for each R-PPC cy-
cle, tR−PPC = tm + tpre + tESO + topt = 29.77 μs. The
experimental results are shown in Table II, and these results
reflect the main shortcoming of the R-PPC controller: the com-
putational cost is almost twice that of the conventional PPC.

TABLE II
AVERAGE EXECUTION TIMES OF THE CONVENTIONAL PPC AND R-PPC WITH

CURRENT-LOOP SAMPLING INTERVAL T = 100μS.

Time Conventional PPC (μs) Time R-PPC (μs)

tm 6.34 tm 6.34
to p t 9.40 tp r e 8.05
Null 0 tE S O 7.82
Null 0 to p t 7.56
Total 15.74 Total 29.77

TABLE III
COMPARISON OF MEAN SQUARED ERROR OF THE CURRENT TRACKING

BETWEEN THE CONVENTIONAL PPC AND R-PPC

Steady State (TL = 0 Nm) Controller Type

Speed LP P C , LR −P P C , ψ f −P P C MSE PPC R-PPC

300 r/min LP P C = L0 , ψ f −P P C = ψf 0 MSE (iq ∗ − iq ) 0.153 0.158
LR −P P C = L0 MSE (id ∗ − id ) 0.051 0.048

LP P C = L0 , ψ f −P P C = 2ψf 0 MSE (iq ∗ − iq ) 0.259 0.160
LR −P P C = L0 MSE (id ∗ − id ) 0.056 0.051

LP P C = 2.5L0 , ψ f −P P C = ψ f 0 MSE (iq ∗ − iq ) 0.552 0.173
LR −P P C = 2.5L0 MSE (id ∗ − id ) 0.225 0.062

2000 r/min LP P C = L0 , ψ f −P P C = ψf 0 MSE (iq ∗ − iq ) 0.171 0.178
LR −P P C = L0 MSE (id ∗ − id ) 0.068 0.063

LP P C = L0 , ψ f −P P C = 2ψf 0 MSE (iq ∗ − iq ) 1.422 0.176
LR −P P C = L0 MSE (id ∗ − id ) 0.071 0.065

LP P C = 2.5L0 , ψ f −P P C = ψf 0 MSE (iq ∗ − iq ) 0.742 0.188
LR −P P C = 2.5L0 MSE (id ∗ − id ) 0.373 0.074

However, considering the current-loop sampling interval is
100 μs, the additional computational cost caused by multistep
prediction and ESO is still manageable for the DSP.

In order to quantitatively compare the performance of con-
ventional PPC and R-PPC, the root mean square error (MSE)
quantity (defined as the following equation) is utilized:

MSE(xref − x) =

√
1
N

∑N

j=1
(xref − xj )

2
. (37)

The MSEs of the tracking error of the dq-axis currents are de-
fined as MSE(irefd − id) and MSE(irefq − iq ). The MSE exper-
imental results are demonstrated in Table III, which are obtained
at different operating points (300 and 2000 r/min, respectively)
without load. The main comparison conclusions include:

1) when LPPC and ψf−PPC are set to rated value in conven-
tional PPC, the MSEs are similar to R-PPC.

2) when ψf−PPC with conventional PPC is set to double of
the rated value, the MSE(id ref−id ) is almost unchanged,
whereas the MSE(irefq − iq ) of PPC is much larger than
that of R-PPC because of the static error between the iq
reference and its feedback in PPC.

3) when inductance in conventional PPC and R-PPC is set
to 2.5 times of the rated value, MSE(irefd − id) and
MSE(irefq − iq ) are both larger than those of R-PPC.
This is because the equivalent error voltages caused by
inductance mismatch have been compensated by ESO.
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These results reflect R-PPC has better current control than
conventional PPC where parameters mismatch occurs, and the
conclusions are consistent with the demonstrated simulation and
experimental results.

VI. CONCLUSION

A robust PWM predictive current control algorithm for
PMSM drives, called R-PPC, has been proposed. Compared
with conventional PPC, an R-PPC controller operates well in
transient and steady processes without rotor flux since it adopts
an incremental model. This modification is easier to be im-
plemented than other complex identification or flux observers.
In addition, the prediction horizon is enlarged into 3 and the
(k − 1)th currents are used in R-PPC in order to achieve better
disturbance rejection performance. An ESO is combined with
R-PPC to solve inductance mismatch issues. Detailed theoret-
ical analyses about stability and disturbance rejection ability
have been given in quantitative form, and the rule for select-
ing appropriate α and β has been presented. The simulation
and experimental results confirm the proposed R-PPC achieves
good performance without rotor flux, and can effectively en-
hance robustness against inductance mismatch and disturbance
variation.
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