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ABSTRACT Traditional speed control of permanent magnet synchronous motors (PMSMs) includes a
cascaded speed loop with proportional-integral (PI) regulators. The output of this outer speed loop, i.e.
electromagnetic torque reference, is in turn fed to either the inner current controller or the direct torque
controller. This cascaded control structure leads to relatively slow dynamic response, and more importantly,
larger speed ripples. This paper presents a new dual cost function model predictive direct speed control
(DCF-MPDSC) with duty ratio optimization for PMSM drives. By employing accurate system status
prediction, optimized duty ratios between one zero voltage vector and one active voltage vector are firstly
deduced based on the deadbeat criterion. Then, two separate cost functions are formulated sequentially
to refine the combinations of voltage vectors, which provide two-degree-of-freedom control capability.
Specifically, the first cost function results in better dynamic response, while the second one contributes to
speed ripple reduction and steady-state offset elimination. The proposed control strategy has been validated
by both Simulink simulation and hardware-in-the-loop (HIL) experiment. Compared to existing control
methods, the proposed DCF-MPDSC can reach the speed reference rapidly with very small speed ripple
and offset.

INDEX TERMS Model predictive control, direct speed control, hardware-in-the-loop, permanent magnet
synchronous machine.

I. INTRODUCTION
Due to the merits of high power density, high efficiency,

research orientations are grid-connected converters [S]—[7]
and machine drives [5], [31].

etc., permanent magnet synchronous motors (PMSMs) have
been widely used in electric drives. For a large variety of
applications, suitable control schemes are highly desired
to meet different operating conditions for PMSM drives.
Researches on advanced control technologies, such as neural
network control [1], fuzzy control [2], [3] and model predic-
tive control (MPC), are emerging in recent years. MPC, which
was initially designed to control the power converters [4],
has attracted significant attention worldwide. Two popular
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Intrinsically, MPC is capable of handling different con-
trol objectives with nonlinearity, multiple constraints and
multiple variables. Based on the system mathematical
model, future variations of system status can be predicted.
Through the optimization by a well-defined cost function,
optimal voltage vectors can be determined and applied to
control PMSMs. Various MPC-based methods have been
reported in recent years, like model predictive torque
control (MPTC) [8]-[10], model predictive current control
(MPCC) [11], [12] and model predictive flux control (MPFC)
[13], [14]. The underlying control principles of different MPC
strategies are similar, but with various cost functions.
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Most existing MPC methods consist of a cascaded speed-
to-torque loop [15]-[17] or speed-to-current loop [18]-[20],
where a proportional-integral (PI) is usually included as
a linear adapter. However, as PMSM system is a typical
nonlinear system, MPC with PI controllers may result in a
compromised control performance. Specifically, unsuitable
PI parameters in speed loop would contribute to inferior
control performance, such as large speed offset, high ripples
of speed and torque. Complicated and time-consuming
tuning methods are therefore required to achieve satisfactory
performance.

Recently, to further enhance the control performance
of MPC, improved control methods have been developed.
A simple but effective method to enhance the control
performance is to employ duty ratio modulation (DRM)
method, where a zero voltage vector will be used together
with a selected active voltage vector in one sampling period.
When more than one voltage vector is applied in one sampling
period, it is crucial to select an appropriate duty ratio; other-
wise, the system performance will be compromised. Several
methods have been proposed to determine the duty ratio such
as deadbeat control [21]-[24]. Nevertheless, the duty ratio is
calculated by the deadbeat criterion after the selection of the
optimal voltage vector. The duty ratio may not be the optimal
one after such step-by-step calculation. Improved approaches
are still required to achieve the maximum benefit of DRM.

Another critical concern in MPC is the cost function. Usu-
ally, there is only one cost function in existing MPC methods,
which is integrated by a few control variables, e.g., toque and
flux for model predictive torque control (MPTC) [25], [26].
The weighting factor is inevitably involved to balance
different control variables. The calculation of the weighting
factor is a challenge that increases the complicity of MPC.
To address this issue, an MPC method in [27] uses one cost
function for the torque and a separate cost function for the
flux, and a very fast dynamic behavior is achieved. However,
although two cost functions are involved, there is only one
voltage vector applied in a control period, and the torque
ripple is still large.

More recently, by combining the advantages of MPC
and direct speed control, model predictive direct speed
control (MPDSC) is of great interest to realize an excellent
speed control performance with satisfactory torque response.
To authors’ best knowledge, all existing MPDSC methods
use only one voltage vector and one cost function in a
sampling period, and the speed ripple and torque ripple
are still requiring further optimization [28]-[31]. Moreover,
parameter variations and measurement error effects would
deteriorate the control performance in a practical control
system. To deal with the adverse effect of these disturbances,
observers are introduced to estimate various disturbances,
and an enhanced control algorithm with disturbance com-
pensations can be developed accordingly [32], [33]. It has
been proven that the employment of observers contributes to
develop a robust controller [34].

The main contributions of this paper are follows.
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1) A Pl-free dual cost function model predictive direct
speed control (DCF-MPDSC) strategy with duty ratio
modulation (DRM) is designed for PMSMs.

2) An on-line minimum order load torque observer
(MOLTO) [35] is introduced to estimate load torque and
enhance the robustness.

3) To make full use of DRM, duty ratios for eight voltage
vectors are derived before the selection of acting voltage
vector, based on the criterion of deadbeat speed control,
to form eight combinations of voltage vectors.

4) The optimal combination of voltage vectors is selected
using two cascaded cost functions acting sequentially.

The advantages of the proposed DCF-MPDSC strategy
include fast dynamic response, speed and torque ripple
reduction, and speed offset elimination. The rest of this
paper is organized as follows. In Section II, the PMSM
mathematical model is introduced. In Section III, a load
torque observer is first developed for the estimation of load
torque, and the motor behavior is predicted. In Section 1V,
the procedures to deduce eight duty ratios are introduced, and
two cost functions are formulated to refine the combinations
of voltage vectors. Section V and VI present simulation
results and experimental tests, respectively.

Il. PMSM MATHEMATICAL MODEL

PMSM mathematical model in dg reference frame is
commonly employed due to its convenience on formula
derivation. Based on the measured machine information,
stator voltages and stator currents in dg synchronous coordi-
nate can be obtained through the coordinate transformation.
Following the well-known PMSM mathematical model [36],
the differential equations of stator current are known as

diy 1 .
=5 (—Rsia + @q + uq) (D
di, 1 _
o= L_q (—Ryzq — 4w + uq) 2)

where iy and i, are stator current in d- and g-axis respectively,

Ly and L, are the stator inductance in d- and g-axis

respectively, Ry is the stator resistance, ¢4 and ¢, are the

stator flux in d- and g-axis respectively, uy and u, are stator

voltage in d- and g-axis respectively, and w is the rotor speed.
The mathematical expression of stator flux ¢ is

@ =4+ jo, = (Ldid + ‘Pf) +J (Lqiq) 3)
where ¢y is the permanent magnet flux. The derivative of
stator flux is obtained as

di di
dlpl  LigaSt + Loy G-

“ Vit e

After the mathematical manipulation of Eq. (1)-(3), the stator
voltages u; can be expressed as

“

Us = ug + jug
d
= <Rsid + ﬂ

dt

AL . 4o,
—w@q | ] Rslq—i-?—i-a)(ﬂd 5)
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The electromagnetic torque 7 can be obtained as

T=15p ((pdiq - (pqid) = 1.5p ((pfiq + ALidiq) 6)
where p is the number of pole pairs, and AL = Lg — L.
The first-order differential of electromagnetic torque 7 with
respect to time ¢ can be obtained as

sT = 2—7; =1.5p (@f% + AL (C%iq + id%q)) @)
The mechanical equation of PMSMs can be expressed as
do 1
Sa):E:j(T_Bmw_TL) ®

where J is the moment of inertia, B,, is the vicious friction,
and T7, is the load torque. Equations (7) and (8) present the
mathematical expressions to calculate the slope of torque st
and the slope of rotor speed s, respectively, which will be
employed in the proposed system status prediction.

k2 mkt2 k2
o Trg® wig

R -

) . K+l System Status Prediction at |
Deduction of s_r+2, s, k+2 and dy; . . X |
@ropT OV i (k + 2)th Sampling Instant for |

to Develop {Vio, Ve, - Vee, Verd w1 e Weo,Ver, o Veo Verd |

|

|

|

Load Torque if (z)k 0
. Observer
System Status Prediction at |

¥
(k + 1)th Sampling Instant u

- - - ___

FIGURE 1. System status prediction.

IIl. MOTOR BEHAVIOR PREDICTION

In predictive direct speed control, the key is to predict the
rotor speed w accurately so that proper control set can be
applied. Fig. 1 illustrates the system status prediction, includ-
ing a load torque observer, system status prediction and duty
ratio optimization. After the machine information is collected
at the k™ sampling instant, control code will be executed
during the k" sampling period to output suitable voltage
vectors to control the motor at the (k + 1) sampling instant.
In other words, one-step delay is unavoidable due to the
characteristics of practical controllers. It is thus advantageous
to compensate the one-step delay by incorporating the system
status prediction at (k 4 2) sampling instant.

A. LOAD TORQUE OBSERVER

In motor drives, torque sensors, or torque transducers, are
needed to obtain actual torque information. Such devices,
however, are usually expensive and hence, increase the
system cost. Here, an on-line minimum order load torque
observer (MOLTO) [35] is employed to predict the load
torque in real-time. Such MOLTO system is defined as

)'Ca . Aaa Aah Xa Ba
)=l Rl o
y = [Ca Gy] [iﬂ (10)
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A=|: 1 Bm] B=|:1]C=[O 1]. an

Tp, and w are selected as the state variables. As Ty, changes
slowly with time during a short sampling period, it is assumed
that TL = 0. The state variable w can be directly measured,
and is equal to the output y. According to (9) and (10),
the estimated load torque 77, can be expressed as

I =7+ v (12)
K
Te(Z+va+Bma)—T) (13)

F4

where K, is the observer gain, and v is the observer desired
pole. The value of 7 in (12) can be calculated using (13) with
the initial condition z;—o = 0. Based on the pole assignment
guidelines, a negative value of v should be assigned to
guarantee the stability of MOLTO.

B. SYSTEM STATUS PREDICTION AT (k + 1)th

SAMPLING INSTANT

There are totally eight voltage vectors that can be applied, i.e.,
ug € {Vo,V1,...Ve, V7). To predict the system status at
(k + 1)™ sampling instant, the differential equations of stator
current for nonzero voltage vector (one of {V1,Va2,...Vg})
and zero voltage vectors (Vg or Vr7) should be derived in
advance. When the nonzero voltage vector is applied during
the control period, (1) and (2) can be rewritten as

&

Sv L (Cribrgbob +d)  aw
dt Ly 9

di 1
Vi _ k k ko, ok

— = L_q (—Rszq — Q0"+ uq) (15)

Similarly, when zero voltage vectors are selected and
applied during the control period, (1) and (2) can be rewritten
as

di’é V, 1

di* 1
9-Vo1 ( k k Kk

—— = — (—R;i, — g ) (17)
dt L, 1

In the proposed DCF-MPDSC strategy, the optimal
combination of voltage vectors, named V cop, Will be selected
and applied to control the PMSM. V ¢op consists of one
voltage vector Vgp, ie., one of {Vo,V1,...Vg,Vr),
and its corresponding duty ratio d,,, based on deadbeat
speed criterion. At (k — 1) sampling instant, an optimal
combination of voltage vectors V’(‘;opt, consisting of V’;pt and

d(’fpt, has been selected to be applied to the two-level three-
phase inverter during the control period from k" sampling
instant to (k 4+ 1) sampling instant. The selection process

of V’éopt will be presented in the following sections.
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At k™ sampling instant, with the measured machine
information at k" sampling instant, including if , u’s‘ , of
and 0%, and the VCot determined at (k — 1) sampling
instant, the stator currents at (k + l)’h

calculated as

sampling instant are

dit di
J+1 k Vi k d_Vo,
i = il L=+ (1= dhy, ) =5 (18)
k d~k v
i’;“ = d{]fpt 'q v <1 _d(l)cpt> qc;ton (19)

where T is the sampling period. Meanwhile, the electromag-
netic torque 7¥*1 at (k + 1) sampling instant can be derived
by equation (6). The speed at (k 4+ 1) sampling instant is
thus obtained using (8).

= of 2 ; (T"“ L —Bma)k> (20)

C. EFFECT OF ZERO VECTORS

With the obtained prediction model, the optimal duty ratio
for speed control can now be determined. Usually, only
one voltage vector is applied in each sampling period in
traditional motor control. But, in fact, more than one vector,
one zero vector and one active vector for example, can lead to
better performance. Although this method has been adopted
in direct torque control, so far it has not been studied in direct
speed control yet due to the complicated speed prediction
model. Now, before deriving the duty ratio for direct speed
control, it is better to investigate into the effects of different
voltage vectors on the PMSM. More specifically, for eight
voltage vectors, ‘g, ‘fi‘t" and dl"’l are investigated to present a
clear analysis.

Based on the derived equations (4), (7) and (8), the varia-
tion of d“fl , ”Z and £* d“’ are depicted for elght voltage vectors
within the electric angle range from 0" to 360° , as shown
in Fig. 2. Every particular electric angle corresponds to a
specific sampling instant, and different voltage vectors result
in various values of ‘g , dd‘t" and dw" . Taking V1 (red curve) for
instance, when electric angle is 60 s fg and 2 d“’ are positive
values, which indicates that applying V1 can 1ncrease both
the electromagnetic torque and rotor speed; however, %
is a negative value, resulting in a decreased stator flux by
applying V1. Meanwhlle by applying zero voltage vectors
(VoorVrw), ‘Z, 49 and ‘” are all very small (almost zero),
indicating that zero Voltage vectors will not cause significant
changes in the controlled variables. Consequently, with the
insertion of the zero voltage vectors, the PMSM can be better
controlled with reduced ripples in torque, speed or flux,
provided that the duty ratio between the active vector duration

and the zero vector duration can be optimized.

IV. PROPOSED DCF-MPDSC

A. EIGHT COMBINATIONS OF VOLTAGE VECTORS

After the investigation of zero vector effect, eight com-
binations of voltage vectors based on the deadbeat speed
control would be developed. The predicted parameters at the
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FIGURE 2. ‘g, “’1‘;’ and d""' for eight voltage vectors.

(k + 1) sampling instant, along with eight voltage vectors
1§+1 € {Vo,V1,...Vg,Vr}, will be employed in the
following procedures to develop the combinations of voltage
vectors.
When the zero voltage vector (Vg or V) is applied to
the two-level inverter during the w?ole period from (k + 1™

1
to (k 4+ 2)" sampling instant, d;‘t/m d q:;;m can be
obtained as
k+1
k42 k+1 Td’d 0,7 71
ldeoj - + dt ( )
’k+017
k+2 _ k+l
AT AR (22)

Following the deduction procedures presented before,
the corresponding electromagnetic torque T‘]ﬁ(;z is thus
derived by (6), which is further used to calculate the rotor
speed at (k 4+ 2) sampling instant

T
WSt = k! 4 28
0,7 J

The speed slope s, i+2, which can reflect the effect
Vi

(T(’;;2 —F - B,nwk+1) (23)

0,7
of applied zero voltage vector (Vg or V7) during the
whole period from (k + 1)™ to (k +2)"™ sampling instant,
is therefore deduced as
dwk+2 1
. Vo7 k+2 k+2
== 5 (TV07 Ty — Buo ) (24)
Following the above steps (21)-(24), for eight voltage
vectors u k+1 € {Vo,V1,...Ve, Vr}, the slope of speed
s A+2(l = 0 1,...7), representing the speed changing ten-

dency from (k + 1)™ to (k 4+ 2)" sampling instant, can be
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obtained as

S k+2 = = —

@, dt J
Based on the deadbeat speed criterion, the duty ratio for
eight voltage vectors can be calculated as

dot?
Vi (T\IZH —T, —B, w/‘c/+2) (25)

o* — ot — T, (s, k+2)
k+1 V0,7 .
= i=0,1,...7) (26
Vi Ts(s, g2 — 8, 4+2) ( ) (20)
Vi Vo,7

It should be mentioned that the magnitude of d‘lj;rl is in
the range of [0, 1]. The possible combination does not have
to always contain one active voltage vector and one zero
voltage vector. For example, dk+ = 0 indicates only one
zero voltage vector is applied durmg a control period.

Every voltage vector has its corresponding duty ratio d{j;rl,
which indicates that there are eight combinations of voltage
vectors, as shown in Table 1. Each combination consists of an
active voltage vector and a duty ratio based on the deadbeat
speed criterion. With the consideration of the reduction of
switching frequency, the corresponding zero voltage vectors
are inserted properly, as tabulated in Table 2.

TABLE 1. Eight combinations of voltage vectors.
Combination Active Duty Ratio Based on
of Voltage Vectors ~ Voltage Vector ~ Deadbeat Speed Criterion
Veo V=0 digtt =0
Vel Vi d‘];: !
Ve V, dl‘;;l
Ves V3 d‘];;l
Vea Vy d‘l;: '
Ves Vs gt
Vee Ve d‘l;; !
Ve V=0 ditt =0

TABLE 2. Zero vector arrangement to reduce switching frequency.

Combination of
Voltage Vectors

Corresponding Zero Voltage Vectors to
Minimize Switching Frequency

Veo Vo
Ve Vo
Ve Vo
Ves Vs
Ve Vo
Ves Vs
Vee v,
Ver Vy

B. MULTIPART FIGURES SYSTEM STATUS PREDICTION AT
(k +2)™ SAMPLING INSTANT

One of eight combinations of voltage vectors will be selected
and applied during the control period from (k + 1™ sampling
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instant to (k 4+ 2)”" sampling instant. The parameters at
(k + 1) sampling instant are already obtained in Section
IL.B. Following the similar procedures from (14) to (20),
the parameter estimation can be conducted once again for
(k 4+ 2)™ sampling instant for each of eight combinations
of voltage vectors. Eight combinations of voltage vectors
can deduce eight groups of parameters at (k + 2)" sampling
instant, and each group consists of the following parameters:

the stator currents l§+‘3c and l];j"fc stator fluxes ¢d+2
and gol(;j"; , the electromagnetic torque T‘/j:? and the rotor
speed a)k+2(1 =0, 1,...7). Specifically, the stator flux can
be deduced as

k+2 k42 : k42 k+2 k+2
Pve = Pave T e = (Ldl i T §0f) + (quq Va)

27

the electromagnetic torque Tk:2

can be expressed as
T8 = 1sp (et + AL ALY @)

and the rotor speed wk+2 is

oyt =t ; (T(;;Z -1 - Bmwk+1) (29)
C. DUAL COST FUNCTION OPTIMIZATION

Now, two cost functions (g7 and gp) will be designed to
finally determine the optimal voltage vector combination.
Specifically, three pre-selected voltage vector sequences will
be shortlisted by g;. After that, the ultimate optimal voltage
vector sequence will be determined by g;.

The first cost function g is defined as

min. g1 = C1 +Cr

st.ut™ e {Veo,Ver, .. .Vees Ver) (30)

g1 consists of two parts, i.e., C1 and C7. The objective of C;
is to enhance the dynamic response, which is defined as

C = ’T{j;z—T, (=01,...7) 31)

where T, is the torque reference. C; is to find the most
powerful voltage vectors, and thus to enhance the dynamic
response. However, there is no limitation on the predicted
value of electromagnetic torque Tk;"z Thus, the electromag-
netic torque could exceed the rated limit during transients,
such as start-up, speed-up and speed-down. Such undesired
overshoot of electromagnetic torque may damage the whole
PMSM system. A compensation factor Cr is therefore
introduced in the cost function g; to refine the selected
voltage vectors.
0 ‘Tégz‘ =T,
Cr= (32)
0o | =T
The compensation factor Cr has two values, i.e. 0o
and 0. When T(j;z is greater than the rated value, i.e. T},
compensation factor Cr is equal to co. This means that the
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corresponding voltage vector V; will not be selected as it
will cause large torque oscillations. In contrast, when T(j;z is
smaller than 7}, compensation factor Cr becomes 0, which
indicates that the corresponding voltage vector V; is of higher
selection priority, and it could be selected provided it also
leads to a small value of C;.

At the first selection stage, three combinations of voltage
vectors (Vs,»V eso, Vss) that can generate three smallest
values of the cost function g will be preselected, awaiting to
be evaluated again at the second selection stage. Since three
combinations of voltage vectors have been preselected by the
first cost function g to guarantee a good dynamic response,
there is still selection freedom remaining for the second cost
function g, to manipulate the speed and flux.

At the second selection stage, the second cost function g
is defined as

min. g» = C2 + Cr
S.t. uf“ € {VCsl ’VCSz’ VCS3} (33)

g2 consists of two parts. The first part C; is defined as

N N &
Cy = ’wVCx; w

k+2
+k ’govgi — "

(i=1,2,3) (34

where <p"{,2;[2 = \/ <(p§j‘5CS[_>2 + ((p]q{j'VZCS’_)Z. A weighting
factor k is introduced to balance the unit between speed
and flux. In C», the first term aims to track the rotor speed
reference and minimize the speed ripple. The stator flux
is regulated by the second term in Cp. If the stator flux
(pl‘{,'ciz can track the stator flux reference ¢*, smaller ripple
of stator flux results in lower stator current’s total harmonic
distortion (THD), which contributes to more sinusoidal
current waveform.

Once again, it is necessary to integrate Cr into g to
avoid the selection of undesired voltage vector combination.
As three combinations of voltage vectors are forced to be
preselected by the first cost function gy, some of them
may include the compensation factor Cr with oo, and
these combinations of voltage vectors should be excluded
from the final selection. Without C7 in the second cost
function g7, undesired combination of voltage vector could
be selected as the optimal one, which may damage the
PMSM. Adding Cr can further enhance the stability of the
proposed DCE-MPDSC. Consequently, with the refinement
of cost function g», an optimal combination of voltage vectors

V’gjplt is finally selected and applied to the PMSM. The
corresponding active voltage vector and duty ratio are V’;;l

k+1 :
and anpt respectively.

D. OVERALL CONTROL DIAGRAM
The overall control diagram of the proposed DCF-MPDSC
strategy is illustrated in Fig. 3, and the control process is
explained as follows.
Step 1. System Status Prediction (as is depicted in Fig. 1)
1) The load torque is first estimated using a load torque
observer (12-13).
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FIGURE 3. Block diagram of the overall proposed DCF-MPDSC strategy.

2) The estimated load torque 7}, together with real-time
measurements from the PMSM and the optimal combi-
nation of voltage vectors V cops determined at (k — 1)”‘
sampling instant, will be used to conduct the system
status prediction at (k 4 1) sampling instant.

3) Then, eight duty ratios d\k,[_+1 corresponding to eight
possible voltage vectors V; can be calculated using
the slope of speed sw;;fz(i =0,1,...7) according to

the deadbeat speed criterion, as shown in (26). Eight
combinations of voltage vectors are thus formed as
shown in Table 1. The system status at (k+2)’h
sampling instant is predicted for every combination of
voltage vectors by the procedures from (14) to (20).
Step 2. Selecting optimal combination of voltage
vectors V cope by dual cost function (as is depicted in
Fig. 3)

4) To select the optimal combination of voltage
vectors Vcopr, a cost function gy (30) is first
used to pre-select three combinations of voltage
vectors, i.e., Vgy,Vesqs Vesg, Which can provide
the most powerful capability on dynamic response
enhancement.

5) The optimal combination of voltage vectors Vcopr
out of three combinations of voltage vectors is then
further determined by the second cost function g, (33)
for speed and flux control. At this step, the optimal
combination of voltage vectors Vcope is saved in the
register waiting to be applied to PMSM, as well as to be
used to conduct system status prediction on next control
period.

V. NUMERICAL SIMULATION

The proposed MPDSC strategy is validated by numerical
simulation in MATLAB/Simulink in this section. Table 3
presents the PMSM system parameters. Under the same
sampling frequency, various control methods result in
different switching frequencies. To make a fair comparison,
the same average switching frequencies are achieved by
using different sampling frequencies for different control
methods.

To demonstrate the effectiveness of the proposed strategy,
different methods are compared. The conventional DTC
with an outer speed-to-torque loop [37], [38] is served as
a benchmark for the comparison. Conventional MPDSC
uses one cost function to select one voltage vector. It will
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TABLE 3. PMSM system data.

Symbol Constants Values

p number of pole pairs 5

oy PM rotor flux 0.088 Wb
R; stator resistance 0.636 Q
Lg d-axis inductance 0.012H
L, g-axis inductance 0.02H
B, viscous friction 0.0017 kgm/s?
J moment of inertia 0.001 kgm?
T, rated torque 7.8 Nm
Wy rated speed 1000 rpm
1, rated current 11.36A

k weighting factor 1

T sampling time 100 ps
Upc DC bus voltage 200 V

be therefore compared with the proposed DCF-MPDSC
with two cost functions and two voltage vectors. Further,
to demonstrate the need of two cost functions, a single-cost
function MPDSC (SCF-MPDSC) should be compared with
the proposed DCF-MPDSC as well. As a result, the methods
for comparison are carefully selected as follows.

Method 1 - Conventional direct torque control (DTC)
(371, [38]

Method 2 - Conventional MPDSC [31]

Method 3 - Optimal duty ratio MPDSC with a single cost
function g, (32), named as SCF-MPDSC

Method 4 - Optimal duty ratio MPDSC with cost functions
g1 (29) and g» (32), i.e., the proposed DCF-MPDSC

A. STEADY STATE RESPONSE

The steady-state responses of the conventional DTC, the
conventional MPDSC, SCF-MPDSC and the proposed
DCF-MPDSC are presented in Fig. 4. First, the conventional
DTC shown in Fig. 4(a) exhibits the largest speed offset
(1.3407%) and speed ripple (0.3619 rpm). Obviously, this
is because the voltage vector is selected according to a pre-
defined switching table. Such chosen voltage vector is not
necessarily the optimal one to regulate the torque and speed.
In Fig. 4 (b), conventional MPDSC presents a speed offset of
about 0.0665% and speed ripple of 0.129 rpm, performing a
slightly better result than DTC. This is as expected since the
voltage vector is calculated in very sampling period according
to a cost function rather than kept constant for a whole
sector according to the switching table. Then, in Fig. 4(c),
optimal duty ratio MPDSC is used but with only cost function
g2. It can be seen that the speed and torque performance
are even worse than that of conventional MPDSC. On
the other hand, by using the proposed optimal duty ratio
DCF-MPDSC with two cost functions, the motor shows the
best performance, as shown in Fig. 4(d). The speed offset and
speed ripple of the proposed DCF-MPDSC are only 0.0051%
and 0.0131 rpm respectively, which are absolutely excellent
and encouraging. Meanwhile, compared to other methods,
torque ripples have been reduced significantly as well with
more sinusoidal stator currents. The comparison validates
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FIGURE 4. Comparisons of steady state response for various control

methods when speed is 500 rpm: (a) the conventional DTC, (b) the
conventional MPDSC, (c) SCF-MPDSC, (d) proposed DCF-MPDSC.

the effectiveness and superiority of the proposed DCF-
MPDSC. In particular, the inferior steady state performance
of SCF-MPDSC validates the necessity of the employment of
two cost functions in the proposed DCF-MPDSC.

To give a more straightforward comparison among four
control methods, the stator current THD, the torque ripple,
the speed ripple, and the speed offset are summarized
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m Conventional DTC

1 Conventional MPDSC
W SCF-MPDSC
M Proposed DCF-MPDSC

THD (%)

Torque Ripple (Nm)

Speed Ripple (rpm)

1.3407

Speed Offset (%)

p e s

FIGURE 5. The comparison bar graph for (a) the conventional DTC, (b) the
conventional MPDSC, (c) SCF-MPDSC, (d) proposed DCF-MPDSC.

in Fig. 5. It quantitatively demonstrates that the proposed
DCF-MPDSC has significant improvement over existing
methods with current THD, torque ripple, speed ripple, and
speed offset at 4.43%, 0.0423Nm, 0.0121rpm and 0.0055%,

respectively.

B. DYNAMIC RESPONSE

When the speed changes from 500 rpm to 1000 rpm at 0.3s,
Fig. 6 shows the dynamic response of the conventional DTC,
the conventional MPDSC, SCF-MPDSC and the proposed
DCF-MPDSC, respectively. A common phenomenon is that,
for motor acceleration, the electromagnetic torque increases
to about 7.8 Nm for speeding up, and then returns to 2 Nm
when the speed reaches the reference. Also, all four methods
are able to track the reference speed in a short time. By further
careful observation, it can be seen that the proposed method
shows less ripples and oscillations in stator currents during
transient.

VI. HIL EXPERIMENT

In the experiment, the steady-state performance, speed
transient response and load torque dynamic response of the
proposed control strategy are all evaluated. The experimental
setup consists of a laptop, an OPAL-RT OP5700 simulator,
a DSP with F28335 chip, and an oscilloscope as shown
in Fig. 7. The laptop is used to develop the proposed
MPDSC code, and download it to the DSP. Apart from the
MPDSC code, the rest of PMSM system is implemented
using RT-LAB. The PMSM, the DC bus and the inverter are
modelled and run in the OP5700 simulator. DSP gathers the
machine information from the OP5700 simulation through
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FIGURE 6. Comparisons of dynamic response for various control methods
when speed changes from 500 rpm to 1000 rpm: (a) conventional DTC,
(b) conventional MPDSC, (c) SCF-MPDSC, (d) proposed DCF-MPDSC.

the DSP input interface. The PWM gate driving signals,
generated by the DSP, will output to the OP5700 simulator
to control the PMSM.

The sampling time is set to 100 ps. The PMSM system
parameters are the same as those listed in Table 3. Fig. 8
shows the stead-state performance. Fig. 9 presents a dynamic
response when speed steps up from 500 rpm to 1000 rpm. The
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when load torque is changed from 2 Nm to 4 Nm.

dynamic responses of load torque are shown in Fig. 10 with
a speed change from 2 Nm to 4 Nm.

It can be seen that the motor performs with a satisfactory
control performance, especially on the dynamic response
of speed, i.e., very small speed offset and speed ripple.
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The presented results are in good agreement with the
simulation, validating the effectiveness of the proposed DCF-
MPDSC.
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FIGURE 11. Computational time of proposed DCF-MPDSC in digital
implementation.

In practical digital implementation in motor drives,
the control algorithms must be executed completely in the
digital signal processors within every control period. Oth-
erwise, the system performance will be compromised. This
is particularly important for control methods like predictive
speed control where duty ratio calculation and system status
prediction are involved. To evaluate the computational burden
of the proposed strategy, the computational time for each
control process is measured, as is indicated in Fig. 11. The
total computational time of the entire controller is 85us.
Specifically, the completeness of ADC process requires about
4us, and the load torque observer takes around Sus to
estimate the load torque. Then, it takes about 76us to execute
the main DCF-MPDSC algorithm. As the whole control
period is 100us, the proposed control method can execute
completely. This demonstrates the feasibility of the practical
implementation of the proposed method.

VII. CONCLUSION AND FUTURE WORKS

In this paper, a new DCF-MPDSC is proposed to enhance
the control performance on speed offset, speed ripple and
torque ripple. Eight duty ratios are integrated with eight
voltage vectors to form eight combinations of voltage vectors.
An optimal combination of voltage vectors is finally selected
through two cost functions acting sequentially. The feasibility
and superiority of the proposed DCF-MPDSC have been well
validated in comprehensive comparison studies. The results
prove that the proposed method has an excellent control
performance with THD 4.43%, torque ripple 0.0423Nm,
speed ripple 0.0121rpm, and speed offset 0.0055%, and a
high potential in motor drives where accurate speed tracking
ability is of high priority.

Nevertheless, the proposed DCF-MPDSC strategy relies
on the machine parameters to derive and predict the future
motor behaviors. Further enhancement of the system robust-
ness against parameter variation is still ongoing. Besides,
the proposed DCF-MPDSC strategy is fairly computational
demanding which limits the use of high switching frequency
to enhance the control performance. Further research would
also focus on reducing the complexity of the proposed
DCF-MPDSC strategy without deteriorating the excellent
speed tracking capability.
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