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Abstract—The model predictive direct speed control (MPDSC)
can improve the speed dynamic performance effectively. However,
due to the large difference between the mechanical and electrical
time constants, short prediction could result in large current rip-
ples at steady state, which becomes a critical problem. Besides,
the conventional MPDSC methods have not deeply investigated
the online-adjustable weighting factor design and the problem of
id transient oscillation. In this article, a model predictive direct
speed control with novel cost function is proposed. In the proposed
method, two different q-axis current references are generated,
one to improve the speed dynamics, and the other to ensure the
low current ripples. The two current tracking are assigned with
different weighting factors unified in one cost function. In order
to determine which current tracking to play a major role under
different operations, the speed error is designed as weighting factor.
With the proposed cost function and designed weighting factor, the
high speed dynamics and low steady current ripples can be achieved
simultaneously. Finally, the effectiveness of proposed method is
verified by experiments.

Index Terms—High speed dynamics, low steady current ripples,
model predictive direct speed control (MPDSC), novel cost function
design, weighting factor.

I. INTRODUCTION

P ERMANENT magnet synchronous motor (PMSM) has
been widely used in various industrial applications due to

its high power density and high efficiency. Recently, the finite-
control set model predictive control (FCS-MPC) becomes one of
the most promising control techniques for PMSM drive system
under the rapid development of microprocessors. Compared
with the traditional controllers, the major advantages of FCS-
MPC is that it can take advantage of the inherent discrete nature
of power converters and consider different control objectives,
nonlinearities and constraints in a very flexible manner [1]–[3].

The most popular FCS-MPC strategies in PMSM drives in-
clude predictive current control (PCC) and predictive torque
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control (PTC) [4]–[9]. However, most of PCC or PTC strategies
are only applied for the current or torque control loops, and
a proportional–integral (PI) regulator is normally required for
the outer speed loop. In order to ensure the stability and noise
immunity, the bandwidth of PI regulator is always restricted to
a relative low level. Therefore, even the inner MPC controller
slightly improves the speed dynamics, the transient response
of speed is still unsatisfactory [10]. However, in the various
industrial applications, such as the steel mill drive, annealing
line, and the servo control, the transient speed performance is
always crucial for the productivity of the process and quality of
the product [11].

To improve the speed dynamics, the model predictive direct
speed control is proposed in recent years [10], [12]–[18]. Unlike
the conventional methods, the MPDSC eliminate the cascade
structure and use a single predefined cost function to control
the speed and current directly. Because of the characteristic of
“direct control,” the MPDSC exhibit fast transient response and
excellent disturbance rejection performance.

However, due to the large difference between mechanical
and electrical time constants, MPDSC requires long prediction
horizon to include both speed and current dynamics [15]. When
the MPDSC controller adopts short prediction horizon, the large
current ripples at steady state could be a critical issue [13], [16].
The solution to this problem can be divided into two categories.
The first solution achieves direct speed control by using long
the prediction horizon. In [12], a three-step prediction MPDSC
is used, and the maximum torque per ampere (MPTA) and flux
weakening trajectory is added into the cost function. However,
even the prediction horizon is extended, the current ripples are
still relatively large. In [13], the myopic prediction is recognized
as the major cause of large torque ripples; therefore, the errors
of speed and flux in (k+3) and (k+4) instant are considered
to suppress the torque oscillation. The second solution uses
short prediction, but incorporates additional control variables
into cost function to deal with this challenge. A novel MPDSC
method is developed in [14] and [15] in which the switching
states that generate high frequencies component in the stator
currents are penalized, therefore, smooth current waveform can
be obtained. In [16], the cost function take into account both
speed and current error in which the current error is considered
as an indirect control to improve the steady performance, while
the speed error is recognized as a direct control to keep fast speed
dynamics. With the consideration of current dynamics, the q-axis
current ripples are suppressed effectively. In [17] and [18], the
cost function includes the speed error and torque error; thus, low
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steady torque ripples can be ensured. Moreover, in [10], instead
of controlling the speed and torque independently, the speed
error and torque error are combined into a new sliding manifold
term in the cost function, and desired speed and torque tracking
are realized. The above-mentioned schemes effectively suppress
the steady current ripples and achieve high speed dynamics
under the framework of MPDSC. However, there still are some
problems to be solved.

First, there are few reports on weighting factor design in
MPDSC. For the cost function of MPC methods, weighting
factors play an essential role in balancing the different nature
of multiple control objectives. However, the tuning of weighting
factor is always a challenging issue, which is usually determined
in empirical or heuristic ways. The normalization is a widely
used technique to eliminate the difference of unit and magni-
tude of system variables [19]. Moreover, some researches adopt
ranking-based methods [20] to avoid the weighting factors, but
this method limits the secondary objectives severely. Besides,
there are some online adjustable tuning methods, such as neural
network [21], fuzzy method [22], or stepwise changed method
[23]. Compared to the offline ways, the online tuning is prefer-
able due to the improved operation-adaptability. However, these
mentioned methods are relatively complicated and have not been
applied in MPDSC. In fact, there are few reports on the online
weighting factor design in MPDSC, and most of the MPDSC
methods take a fixed tradeoff during operations. Therefore, the
conventional MPDSC methods are difficult to optimize their
performance under different operating conditions.

Moreover, in the conventional MPDSC methods, the variables
in d-axis and q-axis cannot be equally controlled in the ac-
celeration transients. During acceleration operations, the speed
tracking error would be much larger than id current tracking
error. This significant speed error attracts nearly all the control
weight in the cost function. Under this condition, the current
in the d-axis exhibits obvious fluctuation. The oscillating id
in turn deteriorate the acceleration performance. In [24], to
avoid to exacerbate this problem with two-norm, the one-norm
cost function is used to mitigate this phenomenon, and the id
oscillation is reduced. In [25], additional transient cost function
part is introduced in which the torque tracking and id control
is weighted equally. During the accelerations, the transient cost
function part play a major role in the whole cost function and
the large id oscillation is suppressed. Unfortunately, this problem
has been only mentioned in few methods. The deep investigation
is still required, and the cost functions need to be reorganized in
a more reasonable way.

In this article, the conventional MPDSC methods are re-
viewed, and a novel cost function is developed. First, brief
analysis about weighting design and id transient oscillation are
implemented. Then, a novel separated design for transients and
steady state is proposed. In order to simplify the cost function
design, the original speed error is converted into an equivalent
transient current error. Besides, to suppress the steady current
ripples, additional current reference is generated based on the
PI regulation. In other words, there are two q-axis current
references with different characteristics to be generated, one is
transient reference to improve speed dynamics and the other is

steady reference to ensure low steady current ripples. These two
q-axis current tracking are assigned with different weighting
factor unified in one cost function. In order to determine which
current tracking to play a major role according to the operating
conditions, the speed error is designed as a weighting factor
instead of tracking error in the conventional manner. With the
designed cost function and weighting factor, high speed dynam-
ics and low current ripples can be achieved simultaneously under
different operations.

II. MATHEMATICAL MODEL OF PMSM DRIVE SYSTEM

The continuous-time mathematical model of surface mounted
PMSM (SMPMSM) in the synchronous d–q frame is written as

⎧⎪⎪⎨
⎪⎪⎩

did
dt = 1

Ld
(ud −Rsid + ωeLq iq)+ fd

diq
dt = 1

Lq
(uq −Rsiq − ωeLdid − ωeψf )+ fq

dωm

dt = 1
J

(
3
2 p ψf iq − TL

)
+ fω

(1)

where ud, uq, id, and iq denote the dq-axes stator voltages and
currents. Rs is the stator resistance. Ld and Lq are the dq-axes
inductances. ψf is the rotor flux linkage established by the
permanent magnets.ωm andωe are the mechanical and electrical
angular speed. J is the moment of inertia; p is the number of
pole pairs; TL is the load torque. The fd, fq, and fω represent the
uncertainties and external disturbance caused by the variation of
motor parameters, magnetic saturation, etc.

In order to get rid of the dependence of motor parameters,
the ultra-local model of PMSM is used to predict the speed and
current in this article. The application of ultra-local model in
the PMSM drives has already reported and validated [26], [27].
The main idea of ultra-local model is to update the motor model
continually by using the data of input and output of a moving
window. The ultra-local model of PMSM drives is written as⎧⎪⎪⎨

⎪⎪⎩
did
dt = Fd + αdud
diq
dt = Fq + αquq
dωm

dt = Fω + αωiq

(2)

where Fd, Fq, and Fω represent the lumped uncertainties and
unknown disturbance in the electrical and mechanical systems
respectively.αd,αq, andαω represent the coefficients of dq-axes
voltages to current and q-axis current related to torque.

Compared with (1), Fd and Fq include the resistance voltage
drops, the back electromotive force, the unmolded dynamics,
and uncertainties, Fω contains the load torque, friction torque
and unknown disturbance, and they can be expressed as

⎧⎪⎪⎨
⎪⎪⎩
Fd = −Rs

Ld
id +

Lq

Ld
ωeiq + ( 1

Ld
− αd)ud + fd

Fq = −Rs

Lq
iq − 1

Lq
(ωeLdid + ψf ) + ( 1

Lq
− αd)uq + fq

Fω = (−αωiq + 3pψf

2J iq)− 1
J TL ++fω.

(3)
The next crucial step is to estimate the Fd, Fq, and Fω by

using the information of input and output in a moving window.
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This process can be realized with the algebraic parameter iden-
tification techniques [26] and the results can be written as⎧⎪⎪⎪⎨
⎪⎪⎪⎩
F̂d=− 3!

T 3
F

∫ TF

0 ((TF − 2δ) id (δ)+ αd δ (TF−δ)ud (δ))dδ
F̂q =− 3!

T 3
F

∫ TF

0 ((TF−2δ) iq (δ)+αq δ (TF−δ)uq (δ))dδ
F̂ω =− 3!

T 3
F

∫ TF

0 ((TF−2δ) ωm (δ)+αω δ (TF−δ) iq (δ))dδ.
(4)

Based on the discretization of (2), the discrete ultra-local
prediction model can be expressed as⎧⎪⎪⎪⎨
⎪⎪⎪⎩
id (k + 1) =

(
F̂d (k) + αd ud (k)

)
Ts + id (k)

iq (k + 1) =
(
F̂q (k) + αq uq (k)

)
Ts + iq (k)

ωm(k + 1) =
(
F̂ω (k) + αω iq (k)

)
Ts + ωm (k) .

(5)

In the MPDSC method, additional load observer is required
to predict the speed in the future instant. However, from (3), it
can be seen the total load information is contained in the Fω
when the ultra-local model is used as prediction model.

III. CONVENTIONAL MPDSC METHODS

In this section, the conventional cost function design is re-
viewed briefly in Section III-A. Then, the limitation of the
conventional MPDSC methods is analyzed in Section III-B and
Section III-C.

A. Conventional Cost Function Design

The MPDSC methods predict the speed and current in discrete
steps and select the optimal voltage vector according to the cost
function. The speed error minimization is the main objective
and the secondary objective is the MTPA trajectory tracking.
The cost function can design as

J1 = λ ω(ω
∗
m − ω pm )2 + λd(i

∗
d − ipd )

2 + C lim (6)

where the i∗d is always set to zero for SMPMSM drive system,
λω and λd are the weighting factors for each term. Clim is used
to prevent the current from exceeding the maximum value

Clim=

{
0 i2d + i2q ≤ I2max

∞ i2d + i2q > I2max

(7)

where Imax is the maximum accessible current.
However, the cost function J1 requires a long prediction hori-

zon due to the large difference between mechanical time constant
and electrical one. When J1 with short prediction horizon is used,
large current ripples will exist at the steady state. Due to the
different “time scale characteristic,” the current changes swiftly
with the voltage variation, but the speed acts relative slowly to
the current variation. Therefore, the speed is further insensitive
to the voltage variation. When the “one–step”prediction horizon
is utilized, a very aggressive voltage vector will be chosen to
achieve minimum speed error at (k+2) instant. However, due to
the different sensitiveness of speed and current to voltage, the
chosen voltage vector that enable the minimum speed error, may
result in much high-frequency component in stator currents, in
other words, large current ripples. This problem can be addressed

by using long prediction horizons but that will cause a high
computation burden to microprocessors.

To realize high speed dynamics and reduce the steady current
ripple with a short prediction horizon, additional intermediate
control variables are added in the cost function J1. These cost
functions are summarized as follows:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

J2 = λω(ω
∗
m− ωpm)2+λd(i

∗
d−ipd)2+λq(i

∗
q − ipq)

2 + Clim

J3 = λω(ω
∗
m − ωpm)2 + λd(i

∗
d − ipd)

2 + λq(i
pf
q )2 + Clim

J4 = λω(ω
∗
m− ωpm)2+λd(i

∗
d − ipd)

2+λT (T
p
e − Tl)

2+Clim

J5 = |S|+λd (i
∗
d − ipd)

2+λω(ω
∗
m − ωpm)2 + Clim

(8)
where i∗d is the q-axis current reference generated by a linear
controller; ipfq is high-pass filtered version of the q-axis current,
the variable S is a sliding manifold term of c (ω∗

m − ωpm) +
(T pe − Tl). Although these cost functions [10], [14]–[18] present
in different forms, their design principle is similar. During the
transient state, the speed error is large, thus the voltage vector
selection mainly depends on the speed error, which ensures
to achieve excellent speed dynamics. During the steady state,
the speed error is extremely low, and the consideration of the
intermediate variable errors is dedicated to suppressing the
high-frequency components in the stator currents. By introduc-
ing the new intermediate variables, the cost function can well
incorporate the speed and current dynamics, and the one-step
prediction MPDSC becomes feasible.

B. Weighting Factor

For the conventional MPDSC methods, a relatively large
weighting factor is assigned to speed error to achieve precise
speed control and high dynamics. This large control weight is
helpful to achieve really extraordinary performance of speed
tracking. However, due to the large difference between me-
chanical and electrical time constants, this high speed dynamics
is achieved at the sacrifice of large current ripples. Actually,
there is a tradeoff between performance of speed tracking and
rejection of high-frequency component in steady-stator currents.
The really better way is to keep dominant control weight in speed
tracking during the transients and increase the control weight of
torque or current control at the steady state. However, the weight-
ing factors are always fixed values in the conventional methods,
in which large weight of speed error will increase the steady
current ripples, while a small one will compromise the speed
dynamic performance. In other words, these two contradictory
goals cannot be well balanced in different operations with fixed
weighting factors.

C. Unequal Control in D-Axis and Q-Axis

Another problem of the conventional MPDSC is the tracking
errors in d-axis and q-axis are not penalized equally. During the
acceleration transients, the speed tracking term attract almost all
the control weight in the cost function, and the id oscillates under
these operations, which in turn deteriorates the acceleration
performance. This problem comes from two reasons. The first
reason lies the small weighting factor in the id tracking term. To
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Fig. 1. Decomposition of speed errors.

obtain the fast speed dynamics, the weighting factor of speed
error λω is always much larger than that of d-axis current λd,
which may be reasonable in the steady state, but intensifies the id
oscillation in the acceleration transients. The other reason is the
conventional speed error does not consider the current constraint
and invalid speed error part is incorporated.

The speed error g1 can be divided into two parts: g11 and
g12, as shown in Fig. 1. Due to the current safety constraints,
the maximum speed that motor can be reached in one control
period is the value ofωm+Ts(Fω+αω Imax). Therefore, only the
g11 is valid speed error, which plays a positive role to select the
optimal voltage vector. While the error g12 is a constant during a
control period, which has no contribution for the voltage vector
selection. But, the error g12 account a great proportion in the
cost function during the accelerations, which attracts the most
of control weight concentrating on the speed tracking. Therefore,
the speed error g12 is an irrational speed error part which should
not get any weight in the cost function. Based on the analysis, a
simple and effective method is proposed in the following section
to avoid the id oscillation from the perspective of weighting
factor and cost function design.

IV. PROPOSED MPDSC METHOD

In order to keep high speed dynamics in transients and low
current ripples at steady state, this article proposes a novel cost
function. Two different q-axis current references are generated,
one called transient reference to keep fast speed dynamics and
the other called steady reference to ensure low current ripples.
Moreover, the speed error is designed as a weighting factor, and
it is used to determine which current tracking to play a major
role according to the operating conditions. The designed cost
function shown as

J = λtCt+λsCs+(λs+ λt ) Cd+Clim (9)

where Ct is (i∗qt − ipq(k + 2)2), Cs is (i∗qs − ipq(k + 2)2), and

Cd is (i∗d − ipd(k + 2)2), λs is a fixed weighting factor, λt is
the speed error (ω∗

m − ωm(k))2 and i∗qt, i
∗
qs denote the transient

q-axis current reference and steady q-axis current reference. The
schematic diagram of proposed MPDSC shown as Fig. 2 .

A. Generation of Transient Q-Axis Current Reference

In order to simplify the design of cost function, the original
speed error is converted into equivalent transient current error
Ct and the transient q-axis current reference i∗qt is derived based
on the inverse mechanical model in (5). Due to the solution
equivalence, the transient current error Ct is equivalent to the

Fig. 2. Schematic diagram of the proposed MFPDSC.

Fig. 3. Laboratory bench.

original speed error g11

i∗q t(t) =
ω∗
m(t+ 1)− ωm(t)− TsωF̂ω(t)

αωTsω
(10)

i∗q t(t) =

{
i∗qt(t) i ∗q t(t) ≤ Imax

Imax i∗q t(t)>Imax

(11)

where Tsω denotes the update period for i∗qt, and Tsω is ten times
of current sampling period Ts, so the term “t ” and “k” are used
to represent different periods.

By using i∗qt, the characteristic of “direct speed control” is
well maintained, and good speed dynamics can be achieved.
More importantly, it is intuitive to consider the current limit in
Ct with (11), which is equivalent to eliminate the g12 in the
conventional cost functions.

B. Generation of Steady Q-Axis Current Reference

The i∗qt well keeps the characteristic of “direct speed control,”
and superior speed dynamics can be obtained. However, the i∗qt
is generated by short prediction, and the large current ripples
at steady state could become a problem. In order to improve
the steady current control performance, another steady q-axis
current reference i∗qs is then generated based on PI regulation
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and shown as

i∗qs(t) = kp

(
eω(t) + ki

t∑
t=1

eω(t)

)
(12)

i∗qs(t) =

{
i∗qs(t) i∗qs(t) ≤ Imax

Imax i∗qs(t) > Imax

(13)

where eω(t) denote the speed error at the instant t, kp, and ki are
the proportional and integral gains.

There are some benefits to introduce i∗qs based on the PI
regulation. First, the i∗qs is fundamental to zero-offset speed
tracking. Moreover, due to the presence of integrator the negative
impact of quantization noise under high sampling frequency
is lowered. By introducing the i∗qs, the drawback of “direct
speed control” is compensated effectively, and smooth current
is offered.

C. Weighting Factors

Unlike the fixed weighting factor design of conventional
MPDSC methods, the proposed weighting factors consist of a
variable one and fixed ones. The speed error is used to be a
variable weighting factor λt for transient current error Ct, and
it is updated with the operations in real time. Besides, a fixed
weighting λs is assigned to steady current error Cs. In order
to penalize d-axis and q-axis current errors equally, the sum of
λs and λt set as the weighting factor for Cd. This means the
variables in d and q axis are equally controlled in an intrinsic
way and the id transient oscillation is effectively avoided.

As all the control objectives in (9) are in current form, there
is of great convenience to the tuning of weight factor, and the λs

can be selected according to the value of maximum steady speed
ripples. Compared with the conventional MPDSC methods, trial
and error tuning way is avoided. Moreover, the speed error as
a variable weighting factor is online updated by which a better
tradeoff is achieved.

D. Explanation of the Cost Function

The proposed cost function develops a separate design for
transients and steady state, which can combine the merit of direct
speed control and PI regulator under the framework of FCS-
MPC. During the transients, the λt is much larger than λs, so the
Ct and Cd plays a decisive role in voltage vector selection. At the
steady state, the speed error is extremely low and the λt is smaller
than λs, thus, the voltage selection mainly depends on the Cs and
Cd. In other words, the proposed cost function plans different
tracking behaviors for transient and steady state. The variable
weighting factor λt is used to activate the optimized tracking
according to the operation conditions. Moreover, because the
speed error is converged to zero continuously, the q-axis current
can be very smoothly transit between i∗qt and i∗qs. By using
the proposed cost function, the high speed dynamics and low
current ripples can be achieved simultaneously. The difficulty
in the tradeoff between speed performance and rejection of
high-frequency component in currents can be well solved with
the separated design manner.

TABLE I
PARAMETERS OF TESTED SMPMSM

E. Delay Compensation

In the real-time implementation, the microprocessor needs
some time to compute the iterations. There will be a delay
between the instant at which the currents are measured and
application of the new switching state [28]. In the proposed
method, the one-step delay compensation is considered, in which
the (k+2) instant errors instead of (k+1) instant errors are
minimized. The previous optimal vector is used to estimate the
current value at (k+1) instant.

V. EXPERIMENTAL RESEARCH

A comparative research with another three control methods is
implemented. The first control method is PI-based speed control
in cascade structure: the outer speed loop uses the PI regulator
and the inner current loop uses the FCS current predictive
controller. The second control method is PSC1 which is the
conventional method with cost function of J1 in (6). The third
comparative scheme is PSC2 whose cost function is J4 in (8).

The laboratory bench consists of 0.9 kW SMPMSM as
controlled motor and 2.2 kW induction motor as load. The
SMPMSM is driven by a two level power inverter, and motor
parameters are given in Table I. The load motor is driven by ABB
ACS800 to provide controllable load torque. The algorithms
execute on dSPACE DS1007 real-time platform with control
desk and MATLAB/Simulink. The laboratory bench is shown
as Fig. 3.

The sampling time of three control methods is 50μs. To ensure
fairness of comparisons, all the methods use the ultra-local
model expressed by (5) as prediction model. The αd, and αq

is given the value of 1/Ls, and αω is given the value as 1.5pψf /J.
Besides, the length of moving window should be less than the
electrical time constant. Therefore, the window length nFTs can
be normally selected as 5 to 20 times that of the control period,
and nF selected as 10 in this article. More details of the parameter
selection relevant to the model-free system are discussed in [23]
and [24].

In the PI speed control scheme, the PI regulator is equipped
with clamping antiwindup technique. The proportional and in-
tegral gains are designed as: kp = Jωsc/1.5pψf and ki = ωsc/5,
where the ωsc is the bandwidth of speed loop [29], and it is
selected as 239 rad/s. Moreover, the designed PI parameters are
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Fig. 4. 500 r/min startup without load. (a) PI based. (b) Proposed MPDSC. (c) PSC1. (d) PSC2.

Fig. 5. 10 N·m step load at 500 r/min. (a) PI based. (b) Proposed MPDSC. (c) PSC1. (d) PSC2.

further optimized by the experiments and selected as kp = 5, ki=
0.01 finally. In the proposed method. the PI parameters are tuned
by the same method in the first scheme and selected as kp = 5,
ki = 0.05. In this experimental bench, the value of maximum
speed ripples is about 5 r/min; therefore, λs is selected as 1.0
and the influence of its value on system performance is discussed
later. In method PSC1, the λω and λd are tuned as 150 and 0.1,
respectively. In the method PSC2, the λω , λd, and λT are tuned
from the experiments as 150, 0.10, and 0.40, respectively.

A. Dynamic Performance

1) Startup Without Load: The experimental results of
500 r/min startup operations shown in Fig. 4. Among the four
methods, the PSC1 has the small speed overshoot 8.4 r/min and
the PI scheme has the largest speed overshoot of 55 r/min. The
PSC2 does not have any overshoot. For the proposed MPDSC, its
cost function still maintains the PI characteristics partially. The
proposed method has the speed overshoot of 21.9 r/min. From
the perspective of settling times, the method PSC1 and PSC2
have similar small settling time of 0.26 and 0.32 s, the PI scheme
has the largest settling time of 1.43 s, and the settling time of the
proposed method is 0.32 s. The conventional MPDSC methods
PSC1and PSC2 have excellent startup performance due to its
“direct speed control” property. However, due to the inherent
contradiction between rapidity and overshoot of PI regulator, the
PI scheme has limited dynamic performance. For the proposed

TABLE II
TRANSIENT PERFORMANCE OF 500 R/MIN WITH 10 N·M STEP-LOAD

method, during the startup, the Ct plays a decisive role in the
cost function; thus, the “direct speed control” characteristic is
well maintained, and fast startup can be achieved, which is close
to the conventional MPDSC results.

Besides, in the conventional MPDSC methods PSC1 and
PSC2, the id transient oscillation is not suppressed due to the
less control weight in d-axis during the acceleration operations.
While this phenomenon is well avoided in the proposed control
method. It indicates that the proposed cost function realizes
equal controls in both the d- and q-axis intrinsically.

2) Step-Load Transients: Figs. 5 and 6 show the experimen-
tal results of 500 r/min with10 N·m step load and 100 r/min
with 5 N·m step load. A positive step load is applied at 25 s, and
a negative step load is applied at 43 s. The specific results are
given in Tables II and III. It needs to note that the induction motor
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Fig. 6. 5 N·m step load at 100 r/min. (a) PI based. (b) Proposed MPDSC. (c) PSC1. (d) PSC2.

TABLE III
TRANSIENT PERFORMANCE OF 100 R/MIN WITH 5 N·M STEP LOAD

TABLE IV
STEADY PERFORMANCE OF 500 r/min WITH 10 N·M

cannot produce an ideal positive step load, but the negative step
can seem as an ideal step change. It is evident that the PI scheme
has the largest speed changes when a step load is applied, and it
requires the longest time to restore to the speed reference. The
proposed MPDSC method has fast transient response, which
is close to the conventional methods PSC1 and PSC2. When
a step load is applied, the weighting factor λt becomes much
larger than λs, and the transient tracking behavior is activated at
instant. Therefore, fast speed response is obtained. It indicates
that the proposed weighting factor can effectively identify the
operation conditions and activate the appropriate tracking.

B. Steady-State Performance

The steady-state performance of 500 r/min with 10 N·m
and 100 r/min with 5 N·m is given in Tables IV and V.
The waveforms and total harmonic distortion (THD) results
are displayed from Figs. 7 to 12, respectively. From the
perspective of speed ripples, the four methods all track the
speed reference precisely, and their speed performances at

TABLE V
STEADY PERFORMANCE OF 100 R/MIN WITH 5 N·M

steady state are almost the same. However, from the per-
spective of the current ripples, the method PSC1 has the
largest q-axis current ripples and worst THD among four
methods, while the current ripples of PI scheme are much lower.
It indicates that although the PI scheme has a limited transient
response, its current performance at steady state is much better
than that of the “direct speed control.” For the method PSC2,
the current ripples are suppressed due to the consideration of
torque tracking in the cost function compared to the PCS1. For
the proposed MPDSC, during the steady operations, the Cs and
Cd play a decisive role in the cost function because the speed
error is extremely low at that time. Thus, the proposed MPDSC
can present very close performance with the PI method at the
steady state. In a word, the proposed MPDC can well combine
the merits of PI scheme and “direct speed control.” Therefore,
the high speed dynamics and low current ripples can be achieved
simultaneously.

Moreover, it shows different noise in the q-axis current
waveform of Figs 7 and 8. This reason of this phenomenon
comes from two aspects. The first reason is nature of short
prediction MPDSC with much high-frequency component in
current. Therefore, the q-axis current in the methods PSC1 and
PSC2 have relatively more noise. The other reason is different
filter are employed in the speed raw signal processing. In the
PI-based scheme, the first order low-pass filter is used to deal
with the raw speed signals and its cut frequency is 500 Hz.
In the PSC1and PSC2, in order to not compromise the high
speed dynamics, only N = 5 mean filtering is used to slightly
filter out the speed signal noise. In the proposed method, both
filters are utilized: 500 Hz cut frequency low-pass filter in the
generation of i∗qs reference, and N = 5 mean filtering in the
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Fig. 7. Steady-state performance at 500 r/min with 10 N·m. (a) PI based. (b) Proposed MPDSC. (c) PSC1. (d) PSC2.

Fig. 8. Steady-state performance at 100 r/min with 5 N·m. (a) PI based. (b) Proposed MPDSC. (c) PSC1. (d) PSC2.

Fig. 9. Three phase current waveform at 500 r/min with 10 N·m. (a) PI based. (b) Proposed MPDSC. (c) PSC1. (d) PSC2.

Fig. 10. Three phase current waveform at 100 r/min with 5 N·m. (a) PI based. (b) Proposed MPDSC. (c) PSC1. (d) PSC2.

generation i∗qt reference. Thanks for the separate design for
transients and steady state, different filtering can be well unified.
It is the distinctiveness of FCS-MPC with higher flexibility and
additional degrees of freedom. From the experimental results,
the embed low-pass filter is not compromise the transient speed
performance and smooth stator currents can be obtained.

C. Influence of Weighting Factor

In order to investigate the influence of the fixed weighting
factor λs on the performance of MPDSC, five different λs are
tested under the same operating conditions. These test operations
include 300 r/min startup without load, 300 r/min with step
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Fig. 11. THD result of A phase current at 500 r/min with 10 N·m. (a) PI
method. (b) Proposed MPDSC. (c) PSC1. (d) PSC2.

Fig. 12. THD result of A phase current at 100 r/min with 5 N·m. (a) PI method.
(b) Proposed MPDSC. (c) PSC1. (d) PSC2.

TABLE VI
300 R/MIN WITH DIFFERENT WEIGHING FACTORS

change load from 0 to 10 N·m and 10 to 0 N·m. The experimental
results are given in Table VI. It indicates that a large λs could
degrade the ability of load disturbance rejection, and the fast
speed dynamics is compromised. On the contrary, a small λs

could improve the speed dynamic, but the steady-state current
ripples will be increased. In other words, the tuning of λs

also need to tradeoff between high speed dynamics and low
current ripples. However, the experimental results suggest the
performance is not deteriorated drastically even the λs varies in
a wide range. Thus, the sensitivity of the controller to weighting
factor is greatly reduced for the proposed MPDSC.

VI. CONCLUSION

A MPDSC method with a novel cost function is proposed for
SMPMSM drive system in this article. The proposed method
develops a separate design for the transient and steady state by
introducing the different q-axis current references. The speed
error plays a role of weighting factor instead of the tracking error
as the traditional manner. Therefore, the proposed method well
combines the merit of “direct speed control” and PI regulation
under the framework of FCS-MPC. Due to the flexibility, it can
keep low current ripples at steady state and maintain high speed
dynamics during the transients. Compared with the conventional
MPDSC, methods, the subtle contribution of this article can be
summarized as follows.

1) Better Tradeoff Between the Performance of Transients
and Steady State: In the conventional MPDSC methods,
the speed dynamics and current ripples are two contradic-
tory goals and difficult to be balanced with fixed weight-
ing factors. In the proposed method, a better tradeoff is
achieved with the separated design.

2) Simplified Weighting Factor Tuning: In the proposed
method, the tracking objectives are all converted into the
current form, and the weighting factor tuning is really
simplified. Only λs needs to be tuned and its value can
be computed easily. While two at least weighting factor
need to be tuned and their tuning is much challenging in
conventional methods.

3) Equal control in the d- and q-axis: The proposed method
can penalize the tracking error in d- and q-axis equally
through the modification of cost function and weight-
ing factor design. The id transient oscillation problem is
avoided intrinsically.
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