IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

11193

Multiobjective Finite Control Set Model Predictive

Control Using Novel Delay Compensation
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Abstract—This article proposes a new finite control set model
predictive control (FCS-MPC) strategy that simultaneously evalu-
ates two targeting control objectives including speed and currents
in a single cost function, achieving high-performance single-closed-
loop control structure. Besides, aiming at the calculation delay
problem of the model predictive control controllers, a novel calcu-
lation delay compensation method by predicting the current varia-
tion within the delay time is proposed. In this article, an improved
machine model that is especially designed for the multiobjective
FCS-MPC operation is illustrated at first. Then, a new cost function
that can evaluate the tracking performance of speed and d-axis
current and the steady-state performance of the g-axis current is de-
veloped. Compared with the conventional FCS-MPC approaches,
extra speed controllers are not needed so that the proposed control
topology becomes simpler. Then, in order to tune the weighting
factors for the speed and currents in the cost function, an efficient
handling strategy containing two implementation procedures, state
variable normalization and balance of state sensitivity to voltage
alteration, is developed. Finally, a brand-new computation delay
estimation and compensation technique based on the dual sampling
within a control period is proposed to reduce the current and
torque ripples during the control process. Comparative simulation
and experiments conducted on a three-phase 1.5-kW permanent
magnet synchronous machine drive system are employed to verify
the effectiveness of the proposed techniques.

Index Terms—Delay compensation, model predictive control
(MPC), multiobjective, permanent magnet synchronous machine
(PMSM), weighting factors.
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1. INTRODUCTION

OWADAYS, permanent magnet synchronous machines

(PMSMs) characterized by high power and torque density,
and high efficiency and compact structure have been heavily
adopted in electric vehicles, computer numerical control ma-
chines, and other servo drives [1]-[3]. Usually, good operation
properties (e.g., high dynamic and steady-state characteristics
and low current and torque ripple) are highly required in these
applications, placing intensive demands upon high-performance
control strategies [4], [5].

Due to the merits of quick response, excellent constraint
handling capability, and optimum control principle, model pre-
dictive control (MPC), which was proposed in 1970s, has been
developed significantly in the field of motor drive [6], [7]. For
example, MPC-based controllers have been designed to achieve
various functions in the machine control systems. In [8] and
[9], MPC is incorporated into the direct torque control methods,
predicting and regulating the electromagnetic torque and flux
of the PMSMs. Kwak et al. [10] propose a model predictive
power control method for a permanent magnet synchronous
generator to enhance the steady-state performance of the system.
In addition, model predictive speed controllers (MPSC) are
incorporated into the machine control topologies to achieve
high-performance speed control dynamics in [11]-[14]. Another
popular application is model predictive current control (MPCC),
in which the currents are set as the targeting control objectives
(TCO) [15]-[18]. In comparison with MPSC, the current ripples
of the MPCC become lower without markedly sacrificing the
dynamic performance. The above-mentioned MPC algorithms
can be classified into two generic groups [19]. One extends on
the conventional proportional—integral (PI) based vector control
by replacing the PI controllers with one or more MPC-based
controllers but still retaining a modulator to generate pulsewidth
modulation signals, such as in [15] and [16]. The other totally
discards the modulator and directly uses the output of the cost
function to determine the optimal converter switching states,
as in [17] and [18]. Comparatively speaking, the latter scheme,
known as finite control set MPC (FCS-MPC), is much easier to
implement, benefiting from a voltage vector lookup table, which
can be obtained offline. At present, in the light of the easiness
for implementation, compared with the former modulation-
based strategy, the FCS-MPC method has more competitive
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Fig. 1. Structure of an FCS-MPCC-based drive system.

advantages so as to attract increasing attention in the PMSM
drive applications [20]-[27].

Concerning the different TCOs included in the cost functions,
there exist two types of commonly used FCS-MPC techniques:
multiobjective FCS-MPC and single-objective FCS-MPC. The
FCS model predictive torque control (FCS-MPTC), whose
TCOs are the torque and flux, is the typical application of
the multiobjective FCS-MPC theories [21], [22]. In the FCS-
MPTC-based control systems, extra speed controllers (e.g., PI
controller) are required for tracking the reference speed w;,, and
generating the reference torque. When it comes to the single-
objective FCS-MPC approaches, the MPCC-based controller
in which the current is the only TCO is the most intensively
studied topic [23], [24]. Similar to the FCS-MPTC method,
the speed regulators cannot be eliminated either because they
should be used for the g-axis reference current ifl generation,
as shown in Fig. 1. Unluckily, the speed controllers contribute
much to the complexity of the drive topology, and it is an uphill
task to tune their parameters because of the lacking theoretical
design procedures for the multitype-controller-based systems. In
order to simplify the control topology, Preindl ef al. [25]-[27]
employ a new single-objective MPC method by only using one
FCS-MPSC-based controller. This method only contains the
speed control loop in the topology, resulting in that neither the
steady state nor dynamic characteristics of the other machine
states (e.g., current and torque) will be evaluated simultane-
ously. Besides, Formentini et al. [28]-[30] employ one single
multiobjective FCS-MPC controller to control both currents and
speed simultaneously. To improve the control performance of
this kind of method, these studies focus on developing different
disturbance and noise suppression techniques, leading to the fact
that the cost function is relatively complex. It also needs to be
mentioned that although this kind of method has been proven
to be effective to improve the speed dynamics, many crucial
challenges still require further discussion. For instance, scholars
never stop looking for analytical weighting factor tuning meth-
ods and novel calculation delay handling strategies to enrich the
correlative theories.

The main purpose of this article is to design an FCS-
MPC-based controller that can meanwhile take multiple TCOs
(speed and d- and g-axis currents) into account, achieving
high-performance single-closed-loop control structure. Differ-
ent from [28]-[30], the cost function of the new method is
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simplified without considering the external disturbances. How-
ever, the same to the traditional multiobjective FCS-MPC meth-
ods, the combination of the two variables in one single cost
function is not a straightforward task because they are of differ-
ent properties (units, magnitude in values, and state sensitivity
to voltage change). Weighting factors must be introduced into
the cost function for balancing the different control targets.
Unfortunately, there are no ready-made standard analytical or
numerical methods or control design theories to tune these pa-
rameters, and they are mainly determined based on the empirical
procedures [31]. Consequently, the efficient weighting factor
handling strategies should be especially developed for the novel
model predictive speed and current controller.

Another typical problem of an FCS-MPC for PMSM drive
systems is that the loads of calculations have to be executed dur-
ing the switching state selection process, so the calculation time
islong [32], [33]. The time delay between the state measurement
and actuation would deteriorate the system performance if not
considered, lessening the concept and effect of optimal control.
Two-step prediction (TSP) strategy that uses the machine model
shifted one step forward to calculate the manipulated voltages
is explained in [34] and [35]. Although this scheme is simple to
implement, it is not totally effective to accurately determine the
optimum switching state because its implementation prerequi-
site is that the time delay equals to a control period.

This article proposes a multiobjective FCS-MPC strategy
based on the novel calculation delay compensation method to
achieve high-performance speed and current control. A hybrid
cost function, which is based on the speed and current errors is
developed to select the best voltage vector. In comparison with
the traditional single-objective FCS-MPC, no extra speed con-
trollers are employed anymore, simplifying the control topology
greatly. Moreover, the reasons why the weighting factors have
to be employed for the proposed MPC controller are explained
explicitly, and an efficient handling strategy that contains two
sequential implementation procedures is developed. Finally, the
performance (especially steady-state performance) of the cur-
rents and output torque can be improved by using the proposed
delay compensation method based on the dual sampling in one
control period.

The structure of the rest article is as follows. Section II intro-
duces the improved PMSM model that is suitable for designing
the multiobjective FCS-MPC algorithms. In Section III, first,
the structure of the proposed multiobjective FCS-MPC strategy
is demonstrated. Then, the weighting factor solutions and the
computation delay estimation and compensation procedures are
detailed in this part. Section IV discusses the simulation and
experimental results of the proposed algorithms. Finally, Section
V concludes this article.

II. IMPROVED MODEL FOR MULTIOBJECTIVE FCS-MPC

State-space model, which comprises no less than one differ-
ential equation, is capable of accurately reflecting the transient
behaviors of a multivariable system, making itself well suited
for PMSM MPC applications with further reference to the
nonlinearization and strong coupling properties. The state-space
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model that describes the electrical and mechanical dynamics
of a PMSM in the direct-quadrature (dq) rotating frame is
as follows, where the iron saturation and hysteresis loss are
assumed negligible [19]:

did RS, Lq . Ud
e s L owm halC 1
7 Ldzd+ Ldpw iq + Iy (1)
diq Ld . Rs_ Uq \I/f
7l m T ¥ T T m 2
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T J(1.5p(\11fiq + (Lg — Ly)iaiq) — T7) 3)
where ig and i, are the stator dg-axis currents and ug and
are the dg-axis control voltages. Lq and L, are the dg-axis
inductance, and Ly = L, for a surface-mounted PMSM. The
stator winding resistance is R. T} and w,,, are the load torque and
rotor mechanical angular speed, respectively. Then, p represents
the number of pole pairs and U f is the flux linkage. Jis the overall
inertia considering load.

In order to predict the future states, the continuous domain
model must be discretized in a time step of T (control period).
When the forward Euler discretization is applied to (1) and (2),
the predicting plant model (PPM) can be expressed as

Ly —TR; . TL . T
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where iq (k), i, (k), and w,, (k) are the states at the kth sampling
instant. 74 (k + 1) and ¢, (k + 1) are the predicting values at the
(k + 1)th period (t541). The discretization operation cannot be
applied to (3) because the speed alteration within the kth period
is not directly determined by the manipulated variables u (k)
and u, (k) but it is a direct consequence of the overall currents
in the cycle rather than just the initial currents at ¢;. Considering
this, take the definite integral of (3) between ¢}, and £, and the
PPM for speed estimation turns

1.5pW, [ie+r Lg— L, [t+
wm(k+1) = %/ ith—l—%/ iqiqdt

tk tk

tet1

-5 Tydt + wp () ©)
tr

where w,,, (k + 1) isthe speed at . 1. Usually, the control period
T is very short, so an appropriate equivalence that i, and i4i,
experience linear changes under the control of u, (k) and u, (k),
and the external load torque 7} remains constant at 7;(k) over
the period that can be made. In this case, (6) can be rewritten as
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Fig. 2.  Structure of multiobjective FCS-MPC-based controller.

Obviously, when predicting the speed state, the future currents
should be calculated by (4) and (5) in advance. It should be
addressed that only by doing this can w,, (k + 1) be associated
with the manipulated voltages.

As for the candidate control voltages, in practice, a total of
seven phase voltage vectors (Vooo, V100> V110> V0105 V011> V0O1»
and vy91) are among the alternatives for a two-level inverter

Vg 2 =1 =1 |s4
v,
Ve, sps, = |0p | = ; 1 2 -1 |s 8)
Ve 1 -1 2| |s.

where [s,, 53, 5¢]T consisting of [0, 0, 017, [1, 0, 0], [1, 1, 0]7,
[0, 1,017, [0, 1, 117, [0, O, 117, and [1, O, 1]” are the switching
states. Vg is the de-link voltage. [v,, vy, v|T are the terminal
phase voltages. By means of abc/dq transformation, the control
voltage sets to be substituted into PPM for prediction can be
expressed as

[ud(k)‘| 2 [COSH \/gsmg*COSG *\/§51H297c059

U (k) § sinf4+/3cosf sinf—+/3cosh
q 2 2

Vsaspse: (9)

—sinf

III. MULTIOBJECTIVE FCS-MPC ALGORITHM

The implementation procedures of an FCS-MPC algorithm
can be summarized as follows: the measured currents and speed
as well as the seven manipulated voltages are substituted into
the PPM to predict the next step’s states, and then the predicted
values are evaluated by a cost function so as to select the optimal
control voltage to be applied. In this process, the cost function
serves as the key component for optimizing calculation, and it
determines whether an FCS-MPC-based controller is a so-called
single-objective or multiobjective scheme. In order to clearly
compare the differences between a single-objective controller
and the proposed approach, the cost function of an FCS-MPCC-
based controller (see Fig. 1), which only regards the current as
the control target, is demonstrated

Jso = (ig —ia(k +1))° + (ig —ig(k +1))*  (10)
where i, is the d-axis reference current and it can be set to zero if
the flux-weakening operation is not required, and 7, is the g-axis
reference current.
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A. Structure of a Multiobjective FCS-MPC Method

Fig. 2 depicts the structure of a dual-objective (speed and
current) FSC-MPC strategy. In comparison with the single-
objective FCS-MPCC method, the explanations of the new
algorithm are detailed as follows.

Most crucially, the speed and current performance are as-
sessed by a novel multiobjective cost function

Juo = ki (5 —ia(k + 1) + k1 (ig(k — 1) — iy (k + 1))?
11

It can be noted that the proposed algorithm aims to track the d-
axis current and speed references (¢}; and wy,, ), but an extra term
of absolute error between the previous g-axis current i,(k — 1)
and i4(k + 1) is also incorporated into the cost function. The
reason for this configuration includes that it is impossible to
simultaneously and precisely compel the rotating speed and
g-axis current to track the manually set references in a PMSM
by one sole MPC-based controller and, hence, (i}, — iq(k + 1))?
cannot be integrated into the cost function. But from the other
point of view, when the machine reaches the equilibrium state in
the control process, the g-axis current ripples are expected to be
further reduced so as to improve the steady-state performance of
the PMSM. Practically, this performance characteristic can be
evaluated by the current variations in the adjacent intervals. For
the purpose of lowering the fluctuations of the g-axis current,
which is directly related to the output electromagnetic torque,
we import (iy(k — 1) — i,4(k + 1))? into the multiobjective cost
function. It should be mentioned that because the cost function
is able to evaluate both the current and speed characteristics it is
unnecessary to track a g-axis reference, so the speed controller
is eliminated in the multiobjective FCS-MPC control structure.

Second, a load torque observer is integrated into the proposed
controller. In (7), the real-time load torque should be used for
predicting the future speed information. But a physical load
torque sensor is usually not installed in the PMSM for the sake
of cost reduction. In this case, a new issue that how to determine
T, (k) arises. Guzinski et al. [36] present a theoretical solution to
the problem by designing an observer to estimate 77, but it does
not explain the explicit discretization procedures. In this article,
considering that the sampling period 7'is short (typically 0.2 ms),
we make an appropriate assumption that the contemporary load
torque is equal to that in the (k — 1)th cycle. Then, a discrete
torque estimator can be deduced by applying the backward Euler
technique to the mechanical dynamic equation, that is

+ ko (w?, — wm (k4 1))2.

1)~ (k) = (k= 1)

(12)
where Tj, is the observed load torque, and T, is the output
electromagnetic torque of the machine

To(k — 1) = 1.5p(W pig(k — 1)
+ (La— Ly)ia(k —

Tip(k)=Te(k — 1) = Bwm/(k —

Dig(k 1)) (13)

Third, the time delay caused by substituting the seven alter-
native voltages one by one into the plant model to calculate
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the future states is compensated, which will be beneficial to
the system performance. The detailed compensation strategy is
explained in Section III-C.

So far, the system control structure becomes simple by using
a single multiobjective FCS-MPC-based controller to simulta-
neously control speed and currents. However, the weighting
factors k; and ko must be adopted to balance the differences
between the two kinds of control targets. To solve this problem,
Section III-B proposes a brand-new handling method based on
the state variable normalization (SVN) and the balance of state
sensitivity to voltage alteration.

B. Weighting Factor Handling Strategy

One important reason why the weighting factors k; and ko
are essential for the proposed multiobjective FCS-MPC-based
controller is that the nature (unit and magnitude in value) of the
speed and the d- and g-axis currents is different. Besides, the
magnitude of the speed and current variations corresponding
to the same voltage alteration is different. In other words, the
sensitivity of the current and speed (response variables) to
the voltage variations (control variables) is different. Unlike
an FCS-MPTC method of which TCOs (torque and flux) are
totally independent, resulting in that the importance of the two
TCOs to switching state selection varies, the TCOs (speed and
currents) of the proposed strategy are corelated. Specifically,
the speed alteration is the consequence of current variation, as is
illustrated by the machine model (3). Therefore, the importance
of the speed and currents in the cost function should be the
same without considering their sensitivity to voltage variations.
Aiming at these two aspects, the weighting factor tuning strategy
for the proposed multiobjective FCS-MPC-based controller can
be achieved by following two sequential steps: SVN, and balance
of state sensitivity to voltage alteration.

1) State Variable Normalization: The definition of SVN can
be described as follows: the state variables, including current,
speed, and voltage, are expressed as the fractions of the defined
base quantities. After SVN, the large imparity in the magnitude
and units of different variables can be removed. Namely, the
representations of all variables in the system become uniform
with per unit values (the unit is p.u. and the magnitude of values
ranges from —1 to 1). In this article, the base quantities for
PMSM system normalization are especially designed as follows.
First, the base voltage Vj is defined as the maximum line-to-line
voltage

Vo = Vie. (14)

Then, according to this normalization principle, the base
current [ is

_ 2Prated
\/gvdc

where P.,t0q 1S the rated power of the motor. The base speed
wmo equals the value of rotor angular velocity (in rad/s) at which
the machine develops 1 p.u. voltage at its terminals with zero
current. According to the relationship (see [19]) between the

Iy 5)
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back electromotive force (EMF) and the rotor speed, the base
speed can be derived as

Vd c

= d 16
V3hkoC' ¥ 1o

Wmo

where C’ .. is the voltage constant, and kg is an adjusting constant.
After applying SVN to the drive system, the normalized state
variables are

‘ id . iq ud Uq Wi
tdn = 75 lgn = 75 Udn = Ugn = Wmn = ——
IO’ a IO, V ’ a V ’ Wm
(17)

Then the electrical and mechanical PPMs can be expressed as

Xen(k + 1) - Aexen(k) + Beun(k) + de'n(k) (18)
Xpnn (k4 1) = A Xpn (k) + Asns (Xen (k + 1) — Xen (K))
+ dinn (k) (19)

e el 7 0 00
where A.= LOd Lg-TRs |, Be = 61 T | A, = [0 1]
Lq Lq
_ |0 0 s .7 . T
and Ams —lo 3p¥ T | Xe = [Zdnqun] s Uen = [udnyuqn] )
i

Xmn = [0, wmn]T, and d., and d,,, are considered as the
disturbances, which can be written as

TLyp
Ld Wmnlgn, —

TLap TV p ] T
7 Wmnldn — i3 Wm,
q

den:|:
q

(20)
dmn = |:07 (Ld — Lq)T

2) Balance of State Sensitivity to Voltage Alteration: For the
sake of simplicity, assume that Ly = L, = L, and ignore the
effects of mutual inductance. The machine models (5) and (7)
can be expressed as

T
(tatg(k+1) — idz’q(k))} . @2

. L, —TR, . TV T
gk +1) = T2 (k) = =P (k) + T-ug ()
(22)
3pV T . . T
(k4 1) = L= (ig k + 1) = ig (k) = = + o (k).
(23)

In addition to u4 (k), a voltage disturbance A, (k) is assumed
to be applied to the machine at ¢;. It can be deduced that the
current alteration Ai,(k + 1) caused by Auy(k) in one cycle
can be described as

Nig(k+1) = LzAuq(k) (24)

while the speed alteration Aw,, (k + 1) caused by Awu, (k) is
3p\I/fT
4J

Obviously, the currents in the machine are more sensitive to
the voltage changes. In order to balance the state sensitivity

Awp(E+1) =

Nig(k +1). (25)
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to voltage variation differences between the two variables, the
weighting factors can be set as

4J
3p\11 fT '

ki=1, ky= (26)

Then, the magnitude of the speed and current variations
caused by the same voltage change within one control period
will stand at the same level. Note that the weighting factor k-
is related to the sampling period 7, representing that the dis-
cretization scheme is an important factor that influences the
optimization operation of the multiobjective FCS-MPC-based
controller.

C. Novel Computation Delay Compensation Strategy for
Ripple Reduction

The goal of the cost function is to suppress the current and
speed tracking errors to the most degree, but it will be blocked by
the calculation delay. For the sake of convenience, this part takes
14 as an example to analyze the issue, and a comparison between
the ideal condition and the real condition is shown in Fig. 3. It
can be seen that between ¢;_1 and tj, V10 1s evaluated as the
best voltage vector with the measured information available at
the beginning of this period. However, the actuation action is
not applied at ;1 but at t;_; + 7, where 7 is the computation
delay, leading to that the current locus cannot be controlled as
expected and some deviation occurs after a control period. In this
case, vg1o may not be the best solution, and this phenomenon
cannot be self-healed in the later cycles, such as the (k + 1)th
and (k + 2)th period.

The traditional TSP strategy is proposed with an assumption
of that 7 = T and the concrete compensation procedures can be
referred to in [35]. But, in practice, the delay time cannot exceed
a control period, as shown in Fig. 3. In view of the problem, this
article presents a compensation scheme on the basis of dual
sampling and delay time estimation [see Fig. 4(a)]. Another
remarkable feature can be noticed in Fig. 4(b) that instead of
operating on the predicted states, the new method will calibrate
the measured values before predicting the future states.

1) T Estimation: In order to estimate and compensate the
delay time, assume that the real current will shift linearly in
accordance with the predicted trend and the computation delay
remains constant in each control period.
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When estimating 7, the proposed multiobjective FCS-MPC
algorithm without compensation will be applied. But an obvious
feature can be witnessed that there are two sampling points in
each control period, one of which is at the start of a period.
The other is at the end of voltage selection, where the com-
putation work is finished. In Fig. 4(a), the sampling currents
over tg_1,...,tg and ¢x, ..., gy are ig 1(x—1)» td_2(k—1) and
id_1(k)» Td_2(k)» Tespectively. The delay can be calculated by

; o
_ | d_2(k) ‘Zd_l(k)| T 27)
|Zd,2(k) - Zd72(k71)|

2) Compensation: Since T is obtained, the detailed compen-
sation procedures are as follows at .

1) First measurement and abc/dq transformation: Use sen-
sors to detect the real phase currents, rotor position, and
speed and transform the measured phase currents to the
dg-axis currents.

2) Compensation: Predict the current variation Aid(k) in T
[see Fig. 4(b)]

Gd_1(k) — ld2(k-1)
T—71 T

where g o(;,_1) is also the sampling current in the last interval,
and the current used for prediction is

Gy = ta_1(k) + Diger- (29)

Following the above approach, the compensated g-axis cur-
rent iy (k) and speed w;, (k) can also be calculated. Then, the
control process is as the following.

3) Prediction: Use iy (k), iy (k), w;, (k),and T; to estimate the

future states for all the seven candidate voltage vectors.

4) Evaluation: Substitute all the predicted values into the cost

function and determine the optimal voltage vector.

5) Second measurement: Repeat step 1) to get currents

(iq_2(k), iq_2(k)), position, and speed wy, 2(k).

6) Switching state application: Apply the corresponding op-

timum switching state to the drive.
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TABLE I
MOTOR AND CONTROL PARAMETERS

Parameter VALUE Unit
stator winding resistance Ry 0.6383 Q
d-axis inductance L, 2 mH
g-axis inductance L, 2 mH
the number of pole pairs p 4 -
moment of inertia J 0.13 kg-m?
voltage constant C’, 5.01 -
permanent magnet flux linkage ¥, 0.085 Wb
DC-link voltage Vpc 310 A\
sampling time T’ 0.0001 s
safety current /. 60 A
rated torque 7yeq 5 Nm
rated power Pyeq 1.5 kW

Theoretically, the real current at ¢, + 7 will reach the previ-
ously predicted value, which means that the proposed multiob-
jective FCS-MPC method obeys the optimum control rule just
with a delay of 7.

IV. VERIFICATIONS

The performance of the proposed multiobjective FCS-MPC
without and with delay compensation is tested and compared by
the means of simulation and experiments. The motor and control
parameters of the PMSM prototype are consistent with Table I.

A. Simulation Results

For the sake of comprehensive discussion, the following
verifications are included in this article. First, in order to com-
paratively explain the control performance, apart from the pro-
posed multiobjective FCS-MPC method, the traditional double
closed-loop FCS-MPCC strategy [see Fig. 1] is tested as well.
Second, to validate the effectiveness of the proposed calculation
delay technique, the performance characteristics of the proposed
method without and with compensation are compared. Third, to
verify that the proposed calculation delay strategy is superior to
the traditional TSP technology, the steady-state current perfor-
mance of the proposed FCS-MPC method compensated by the
two methods is analyzed.

The verification procedures for the traditional and proposed
methods without delay compensation are as follows. The ma-
chine speeds up from standstill to 100 rad/s at first, after which
it will stabilize until 1.0 s when a constant load of 5 N-m is
suddenly applied. From 1.5 s, the reference speed is set as
200 rad/s, while the motor begins to slow down from 2.5 s.
After removing the external load at 3.0 s, the rotating speed of
the machine continues to decline until it reaches zero.

1) Analysis on the State-State Performance: Figs. 5 and 6
illustrate the control performance of the traditional and proposed
multiobjective FCS-MPC algorithms without delay compensa-
tion. For the two methods, it can be noted that the motor speed
remains stable after it arrives at the setpoint no matter whether
the machine is loaded or not during the whole test range. Besides,
the average value of the d-axis current can level off at zero. These
indicate that the proposed multiobjective FCS-MPC has marked
speed and current tracking capability without steady-state errors.
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Fig. 5.

Performance of the traditional double closed-loop FCS-MPCC algo-
rithm without delay compensation.

However, visible current and torque ripples can be witnessed in
both Figs. 5 and 6. Specifically, under load conditions, the peak-
to-peak ripple of the g-axis for the traditional method is 4.35 A,
equaling nearly 33.8% of the average value (12.55 A), and the
d-axis current and torque ripples are about 4 A and 2.35 N-m,
respectively. Comparatively speaking, the d- and g-axis current
and the torque ripples of the proposed multiobjective method
are 4 A, 45 A (37.5% of the average value), and 2.5 N-m,
respectively. As for the no-load cases, the magnitude of the
current and torque ripples stands at very similar position with
rated load conditions for both of the methods. It can be noted that
the proposed multiobjective FCS-MPC controller has as good
steady-state performance as the traditional double closed-loop
FCS-MPCC method, indicating that the proposed multiobjective
FCS-MPC-based controller is totally qualified for regulating
speed as well as current without using a speed controller to
generate the g-axis reference current.

2) Analysis on the Dynamic Performance: Dynamic per-
formance evaluation of the control system needs to consider
the following aspects, namely, settling time, speed and current
overshoot, and robustness to abrupt load variation.

During acceleration, first, the rise time of the traditional
FCS-MPCC method is nearly 0.15 s, while it is about 0.1 s
for the proposed MPC algorithm regardless of load or no-load
conditions. Second, between 0 and 0.5 s, the speed overshoot in
Figs. 5 and 6 is 8 rad/s (8%) and 5 rad/s (5%), respectively, and
between 1.5 and 2 s, itis 10 rad/s and 5 rad/s, respectively. These
represent that the proposed method has slightly better dynamics
than the traditional one, complying with the results in [28].
Moreover, because the output of the speed controller (g-axis
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Fig. 6. Performance of the proposed multiobjective FCS-MPC algorithm
without delay compensation.

reference) of the traditional method is constrained as 60 A and
we use the current constraint method, which is detailed in [19],
both the phase and g-axis currents just jump to the safety level
during acceleration for both of the methods. When the g-axis
current reaches 60 A, the maximum output electromagnetic
torque is about 25 N-m. Moreover, the d-axis current fluctuates
clearly at 1.5 s, which is caused by cross-coupling effect. In
terms of deceleration, the settling time and speed overshoot
are about 0.15 s and 10 rad/s (10%) at 2.5 s for the traditional
method and for the multiobjective strategy, they are 0.1 s and
6.5 rad/s (6.5%), respectively. In this process, the largest phase
and the g-axis current are both nearly —60 A, which stands at the
opposite position with acceleration. Similarly, the d-axis current
witnesses some fluctuations at 2.5 and 3.5 s. When the load is
imposed and removed from the motor, only a speed deviation of
2 rad/s appears for both the traditional method and the proposed
strategy, and their output electromagnetic torques can quickly
reache the expected level. These illustrate that the proposed
multiobjective FCS-MPC algorithm has as strong robustness to
torque variations as the double closed-loop structure. Overall,
from the perspective of dynamics, the proposed multiobjective
method is qualified for high-performance control.

Fig. 7 demonstrates the simulation results of the proposed
FCS-MPC algorithm with delay compensation. As to the ex-
perimental setup, the algorithm is implemented to calculate
the delay 7 before 0.25 s, after which the proposed algorithm
launches. Compared with Fig. 6, the advantage of the improved
method is mainly reflected by the steady-state performance (the
dynamic performance is similar), especially the current and
torque ripples. In detail, before 0.25 s, the ripples of the g-axis
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TABLE II
PHASE CURRENT THD UNDER LOAD CONDITION

Method Type Working States (rad/s) THD (%)
Double loop FCS-MPCC 100 3.52
without compensation 200 5.83
Multi-objective FCS-MPC 100 3.85
without compensation 200 5.93
Multi-objective FCS-MPC 100 2.26
with compensation 200 435

current, d-axis current, and output torque ripples are 6 A, 4 A, and
2 N-m, respectively. However, they become nearly 5 A, 3.56 A,
and 1.75 N-m with a drop of 16.7%, 11%, and 12.5% after com-
pensation. The phase current ripple also experiences a visible
declination before and after 0.25 s. Overall, the compensation
method is conducive to high-performance control drive.

In order to more intuitively observe the control performance of
the proposed method, Table II lists the total harmonic distortion
(THD) simulation results for the phase currents under the rated
load condition. At the speed of 100 rad/s, the phase current THD
for the traditional double closed-loop FCS-MPCC method with-
out compensation, proposed multiobjective FCS-MPC method
without compensation and proposed method with compensation
is 3.53%, 3.85%, and 2.26%, respectively, and at the speed of
200rad/s, they are 5.83%, 5.93%, and 4.35%, respectively. In the
first place, the performance of the proposed FCS-MPC method
is very similar to the traditional strategy, further proving that the
proposed method is of high performance. Second, after delay
compensation, the current performance is greatly improved,
indicating that the calculation delay is a key factor that influences
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controller.

the steady-state performance. Finally, it is interesting to see that
the THD at the rated operation point is larger than that at the
low-speed cases. Many reasons have caused this phenomenon,
one of which is the dead time effect.

To compare the performance of the traditional TSP delay com-
pensation method and the novel one, the following verification
setup is designed. The machine rotates at the speed of 100 rad/s
with rated load. The proposed multiobjective FCS-MPC algo-
rithm without delay compensation is used before 0.06 s, in
which the time delay is computed. Between 0.06 and 0.12 s,
the algorithm with TSP compensation (see [34]) is adopted, and
afterward, the proposed algorithm is employed to control the
motor. Fig. 8 illustrates the current performance in the whole
control process. It can be seen that both of the compensation
methods are effective to suppress the current ripples so as to
improve the steady-state performance. But it deserves to be
mentioned that the new compensation method is superior to the
traditional one because it obeys the optimal control principle.
Specifically, the d- and g-axis current ripples are 1.75 and 3.92 A
for the TSP compensation strategy, while they are 1.5 and 3.5 A,
respectively, for the new technique. In term of the phase current
THD, it is 2.85% for the conventional compensation method,
which is slightly larger than that (see Table II) for the novel
dual-sampling-based strategy.

B. Experimental Results

The experimental equipment is shown in Fig. 9. The system
parameters are consistent with Table I as well. A common
dc power supply is available at 310 V. Insulated gate bipolar
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TABLE III
TIME DELAY IN 15 DIFFERENT PERIODS

kth Delay kth Delay kth Delay
period (ms) period (ms) period (ms)
1 0.024 6 0.026 11 0.026
2 0.025 7 0.025 12 0.024
3 0.026 8 0.024 13 0.025
4 0.025 9 0.024 14 0.025
5 0.027 10 0.023 15 0.024

transistor modules, FP25R12KT3, constitute the voltage inverter
with the control frequency of 10 kHz. The proposed algorithms
are implemented on a DSP TMS320F28335 control board.
Then, it is unnecessary to provide the expansion of VC and
SMO. The real rotor position is detected by a 2500-line rotary
encoder in this article. M (frequency-measuring method) and T
(period-measuring method) methods are used for measuring the
relatively high and the low rotating speed, respectively [37]. It
deserves to be mentioned that according to (11), the updating
frequency for speed equals that for currents (namely, the control
frequency 10 kHz), so the test speed range that can optimally
show the performance of the proposed method should be over
60 r/min in this article. Hall current sensors, HIOKI 3275 Clamp
on Probe, are used to measure the phase currents, while the motor
d- and g-axis currents are calculated and recorded by the digital
controller. An induction motor driven by an Automation Drive
FC 301 with torque control mode, is coupled to the test machine,
providing the required load torque.

Apart from comparing the performance of the traditional
FCS-MPCC method and the proposed multiobjective FCS-MPC
method, the experiment will also be carried out to compare
the control performance before and after delay compensation.
For the sake of analytical simplicity, the delay time will be
tested using the proposed delay estimation strategy beforehand
in this part. Under no-load condition, the delay time is measured
when the machine is controlled by the multiobjective FCS-MPC
algorithm. Table III records the delay value in fifteen different
control periods. It should be noted that the average delay of the
test drive system is about 0.0258 ms, accounting for 25.8% of
one single cycle. Undoubtedly, this will influence the control
performance.

By contrast to the simulation procedures, the experimental
setup without considering online delay estimation is as follows.
The machine speed is set as 100 rad/s under no-load condition
at first, after which it will maintain constant until 4.0 s when
the rated load of 5 N-m is applied. From 6.0 s, the machine
speed rises to 200 rad/s, while the motor decelerates at 10.0 s.
At 12.0 s, the load is removed, and then the reference speed
is set as 10 rad/s (ultra-low speed) at 14 s. Figs. 10-12 show
the experimental results of the traditional FCS-MPCC method,
the proposed multiobjective FCS-MPC method without delay
compensation, and the proposed FCS-MPC approach with delay
compensation, respectively.

On the one hand, similar to the simulation results, Figs. 10
and 11 illustrate that the proposed method has as good steady-
state performance as the FCS-MPCC method regardless of the
machine speed and load conditions. First, the machine speed
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can track the targeted values only with small fluctuations (less
than 2 rad/s) in the stable states and the average value of the
d-axis current is zero (i, = 0). No static errors are seen, so
the speed and current tracking properties for the two methods
are good. Second, in terms of the g-axis current, they are both
slightly higher than zero under the no-load conditions, which is
caused by the friction, they level off at nearly 12 A with small
fluctuations under load cases. Third, the output electromagnetic
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torque of the machine in Figs. 10 and 11 is consistent with the
external load, indicating that the PMSM drive system can work
normally under the rated load conditions. Finally, when it comes
to the variable ripples, the d- and g-axis current and the torque
ripples of the proposed method are 9 A, 11 A, and 3.5 N-m,
and for the FCS-MPCC strategy, they are 8.6 A, 10.3 A, and
3.2 N-m, respectively. In accordance with the simulation results,
the steady-state performance differences between the two meth-
ods are small. On the other hand, interestingly, the settling time
of the traditional FCS-MPCC method and the proposed strategy
is very similar for the test bench. Over the low-speed range
(0-100 rad/s), it is about 0.1 s, while it is nearly 0.3 s over
the higher speed range (100-200 rad/s). This happens because a
relatively smaller g-axis current has been generated during accel-
eration from 100 to 200 rad/s in the experiment. But the deceler-
ation characteristics show a pretty similar trend to the simulation
results. Moreover, due to the extra speed controller used in the
topology of FCS-MPCC method, the speed experiences small
overshoot regardless of acceleration and deceleration in Fig. 10,
but it is modest in Fig. 11. In terms of the system robustness
against load disturbances, the machine speed can remain stable
even if the load is suddenly imposed or removed for the new
method, which is the same to the double loop approach. Finally,
when the g-axis current reaches £60 A in the transient process,
the output electromagnetic torque in Figs. 10 and 11 increase to
the same level (about +-24.5 N-m), and the d-axis current shows
similar changes as well. Overall, the dynamics of the new method
is remarkable as well.

By comparing Figs. 11 and 12, slight reductions in the current
and torque harmonics and ripples can be witnessed for the
algorithm with delay compensation. Taking the condition that
the machine runs at 100 rad/s as an example, the g-axis, d-axis,
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TABLE IV
PHASE CURRENT THD UNDER LOAD CONDITION
Method Type Working States (rad/s) THD (%)

Double loop FCS-MPCC 100 8.52
without compensation 200 11.26
Multi-objective FCS-MPC 100 9.45
without compensation 200 12.1
Multi-objective FCS-MPC 100 7.96
with compensation 200 10.63
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Fig. 13.  Current performance under the control of proposed multiobjective
FCS-MPC with different delay compensation methods.

and torque ripples of the approach without delay compensation
under the no-load conditions are about 11 A, 9 A, and 3.5 N-m,
respectively, but they are 9.8 A, 8.3 A, and 3.2 N-m in Fig. 12,
with a decrease of 10.9%, 7.8%, and 8.6%, respectively. Mean-
while, the results under load conditions see a similar trend to
those under the no-load conditions. As far as the phase currents
[see Figs. 11(b)—(d) and 12(b)—(d)] are concerned, the harmonics
have been reduced visibly after the proposed delay compensa-
tion method is applied. These indicate that the proposed delay
compensation method is effective for ripple reduction and per-
formance improvement. In order to clearly observe the phase
current ripples, Table IV lists the experimental THD analysis
results under the rated load condition. First, compared with
the values in Table II, the magnitude of THD is larger. The
phenomenon arises mainly because the back EMF of the PMSM
used for test is more like a square wave rather than a sine
wave, and this should be also responsible for the low sinusoidal
degree of phase current. It is expected that the proposed method
is more effective for a PMSM with standard sine wave back
EMEF. Second, similar to the simulation results, the THD for
the proposed FCS-MPC method with delay compensation is
minimal among the three cases, indicating that the proposed
method is effective.

Fig. 13 illustrates the experimental results (speed is 100 rad/s
and load torque is 5 N-m) when the proposed multiobjective
FCS-MPC is compensated by the traditional TSP-based (be-
tween 0 and 2 s) and the proposed dual-sampling-based (be-
tween 2 and 4 s) delay compensation strategies. Similar to
the simulation results, the new method shows a slightly better
performance. In detail, the THD of the phase current declines
from 8.23% to 7.96%, and the d- and g-axis current ripples drop
by nearly 3.5% and 4.9%, respectively. These indicate that the
novel compensation strategy is totally suitable for the FCS-MPC
applications.
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V. CONCLUSION

This article proposes a multiobjective (speed and current)
FCS-MPC strategy for the PMSMs, achieving simple single-
closed-loop control topology. Besides, a novel computation
delay compensation method is developed to lower the ripples
and harmonics in the system. The main contributions of this
article are as follows.

1) Compared with the traditional single-objective FCS-MPC
algorithms, both speed and current are included into the
cost function of the proposed FCS-MPC controller as the
TCOs. By doing this, the speed controller is no longer
needed. When designing the algorithms, an improved
PMSM model, which contains not only differential but
also integral equations is established, and an effective
weighting factor handling strategy on the account of SVN
and the balance of state sensitivity to voltage alteration is
developed. Both the simulation and experimental results
have comparatively verified the high steady-state and dy-
namic performance of the controller.

2) In order to suppress the current and torque ripples caused
by the computation delay, a compensation scheme on
the basis of dual sampling is proposed. The novel de-
lay compensation scheme is composed of two sequential
procedures: delay time estimation and compensation. The
experimental results illustrate that the state ripples de-
crease by around 8% after compensation and the proposed
delay compensation strategy has better performance in
comparison with the traditional TSP technique.

Finally, it deserves to be mentioned that considering the speed
regulation frequency equals the current regulation frequency for
the proposed FCS-MPC method, in order to exert the optimal
control capability in the ultralow speed range, the encoders with
more lines are preferred when the current and speed updating
frequency is high. Moreover, considering that the proposed
FCS-MPC method is parameter dependent (e.g., the moment
of inertia, flux, and inductance), it is necessary to incorporate
the effective techniques that are able to enhance the robustness
against parameter variations/mismatch into the control process
in the future.
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