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Abstract—This paper proposes a predictive speed and current
control with multi-timescale optimization in a cascade architec-
ture for a permanent-magnet synchronous motor. Considering the
difference of timescale characteristics for speed loop and current
loop, different sampling times are assigned to the respective sub-
system. In the prediction step of the conventional two-timescale
system, the coupling between slow and fast sampling models is ig-
nored and the output of the slow-sampling model at asynchronous
sampling period is missing, which both weaken the prediction per-
formance of the system. In this paper, the predictions of both slow
and fast models for all the prediction instants are analyzed in detail.
Besides, a linear estimation method based on virtual instants is pro-
posed to improve the performance of the slow-sampling model for
fast prediction instants. The data stream of the proposed method
is designed based on the cascaded structure. The strategies are
implemented on a field-programmable gate arrays taking advan-
tages of parallel and pipeline processing techniques. Experimental
results show that the proposed strategies have a better dynamic
performance compared to the conventional method.

Index Terms—TField-programmable gate array (FPGA), model
predictive control (MPC), multi-timescale optimization (MTO),
permanent-magnet synchronous motor (PMSM).

I. INTRODUCTION

HE permanent-magnet synchronous motor (PMSM) drives
are receiving more and more attention in industry appli-
cations due to their merits of high torque/power density, high
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efficiency, and high reliability [1]-[3]. Two of the most com-
mon strategies employed for the control of PMSM drives are
field-oriented control and direct torque control [4], [S]. Be-
sides, various methods have also been proposed to achieve high
performance.

More recently, model predictive control (MPC) has become
attractive toward enhancing system performance with the rapid
development of computer technology [6]-[8]. MPC applied to
power electronics has two main variants: continuous control
set MPC (CCS-MPC) [9]; and finite control set MPC (FCS-
MPC) [10]. For the CCS-MPC, with the continuous voltage
reference, pulsewidth modulation is applied to generate switch-
ing states according to the modulations principles and inverter
topologies. FCS-MPC takes advantages of the limited num-
ber of switching states available in the inverter for solving the
optimization problem that minimizes the cost function based
on predictive model. It is easy to handle multi-variable con-
trol and involve various nonlinear constraints, featuring high
flexibility [11].

There are some papers that used the MPC for the control
of the internal electric subsystem [12]. In order to exert fully
the dynamic performance of MPC control, a complete MPC
of the speed for PMSM drives can be found in the litera-
ture as well. The control structure can be classified into di-
rect speed control [13], [14] and cascaded speed control [15],
[16]. The predictions of speed and current in a cascaded struc-
ture are designed separately. The sampling periods, prediction
horizons, and control horizons of speed prediction and cur-
rent prediction can be designed harmoniously according to the
application.

Itis broadly accepted that physical phenomena occur at differ-
ent timescales [17]. Power system is a nonlinear system that con-
tains variables with different time constants [18]. Two-timescale
is a typical simplified representative of a multi-timescale prob-
lem. In PMSM drives, the mechanical time constant is different
from the electrical time constant [6], which means that the sam-
pling periods of speed control subsystem and current control
subsystem are different. The external speed loop is the slow-
sampling model and the internal current loop is the fast-sampling
model in this two-timescale system. Based on the sampling pe-
riod of the fast model, the sampling period of the slow model is
subsampled by a factor to achieve a stable operation [16]. In the
relevant literatures, this factor is usually assigned the value of
10 in the control for different motor types [15], [16], [19]-[21],
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which means that the period of the speed control is ten times
slower than that of the current control.

In the conventional multi-timescale control, the slow-
sampling model and the fast-sampling model are analyzed sepa-
rately at each sampling instant. When the slow-sampling model
is analyzed, the transient process of the fast-sampling model
is assumed to have been finished and the steady-state value is
obtained. Similarly, when the fast-sampling model is analyzed,
the slow-sampling model is considered that it cannot change
timely and maintains the constant output. It is obvious that the
coupling between the two-timescale models in prediction step
is ignored and it affects the prediction accuracy with different
horizons. Besides, the prediction of slow-sampling model re-
mains holding state at the asynchronous sampling period. This
causes some information loss and also weakens the predic-
tion performance of the fast-sampling model. At the steady-
state operation, the variables of the slow-sampling model trend
to be stable. The influence of coupling term and information
loss is not significant. However, at the dynamic-state operation,
the variables of fast and slow models change tremendously.
The coupling term and information loss affect the predic-
tion accuracy of the fast-sampling model and the system out-
put directly. As a result, the dynamic performance is also
influenced.

This paper proposes a model predictive cascaded speed and
current control with multi-timescale optimization (MTO) for
PMSM drives. The prediction models for speed and current
are designed separately, with deadbeat solution for the external
speed loop and the FCS-MPC method [22], [23] for the internal
current loop. The general multi-timescale analysis is performed
based on the state-space model of two-timescale subsystems.
First, according to the characteristic of sampling instant in the
respective system, the analysis is divided into synchronous sam-
pling and asynchronous sampling. Second, in order to solve the
coupling relationship in prediction between the two-timescale
models, the predictions of both slow and fast models for all
the prediction instants are analyzed in detail. To improve the
accuracy of a slow-sampling model at fast prediction instants, a
linear estimation method based on virtual instants is proposed
in this paper. Based on the cascaded structure, the data stream of
prediction sequences is designed. In addition, a compensation
method of control step delay for different timescale subsys-
tems is proposed. Finally, the proposed method is implemented
in field-programmable gate arrays (FPGAs), which are one of
the best candidates for the implementation of MPC [24]. The
noteworthy feature of strict timing constraints of an FPGA is
exploited for multi-timescale coordinated control. The effective-
ness of the proposed method is verified on a test bench involving
a PMSM.

II. MODEL AND CONTROL STRATEGY

This section presents the analytic models for a PMSM and
the power converter. Then, the cascaded predictive speed control
strategy is designed for a PMSM, as shown in Fig. 1. It consists
of four main stages that are described in detail in this section.
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Fig. 1. Structure of predictive cascaded speed and current control for PMSM

drives.

A. Model of PMSMs

The continuous-time model of a PMSM in a synchronous
rotating frame can be expressed as follows:

uqg = Rig + % — PqWe (D
u, = Ri, + % + Yawe @)
T, = gp (Vrig + (La — Lg) iaiy) 3)

where g = Lgiq + vy and 1), = L,i, are stator d-axis and
g-axis flux vectors and

ug  direct-axis voltage;

u,  quadrature-axis voltage;

i direct-axis current;

1y quadrature-axis current;

we  electrical angular velocity (we = pw,.);

w,  angular velocity;

P number of rotor pole pairs;
wy  permanent magnet flux;
R stator resistance;

Ly  direct-axis inductance;

L, quadrature-axis inductance;
T, electrical torque;

T; load torque;

B friction constant;

J inertia constant.

B. Power Converter

The two-level voltage source inverter (2L-VSI) is applied in
this paper. This converter is composed by a dc voltage source
and three half-bridge units in the inverter stage. Considering that
the two switches in each inverter phase operate in a complemen-
tary mode in order to avoid short circuiting the dc source, the
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Fig. 2. Permissible voltage vectors.

switching state of the power switches can be represented by
Sa, Sy, and S.. The voltage vectors depend on the states of the
converter as

gl <2> (su TS, + 6%50) Q)

where V represents the output voltage vector and V. is the dc
source voltage. The 2L-VSI generates eight voltage vectors, six
active vectors, and two zero vectors, which are represented in
Fig. 2.

C. External Speed Control Loop

The objective of external speed control loop is to achieve
a good tracking of the speed reference. The deadbeat speed
control is used to predict the rotor speed and output the current
command in this paper. The mechanical equations (3) and (4)
are adopted to obtain the second-order derivative of speed. The
second-order Taylor discretization of the mechanical speed is
obtained as follows:

w(kJrl):w(k)+Ts'w(k)+T7‘3~d}(k) @)

where T is the period of the external speed control loop.

For a surface-mounted PM motor, the direct- and quadrature-
axis inductances are equal. The current reference used in the
internal control loop is obtained as follows:

b (k) = Apan (k) + Brun (k) + Ep o, (k) + F

Ym (k) - OIIL T (k) (8)
where z;, = vy, =i, Uy = w,, v, =1, the subscript “m”
denotes mechanical variables and

BT, 4B 4] 2B%T,
Am :_1+%7 Bm = - - )
J 3p*hy 3Ty 3Jp*Yy
4 2BT, 4Jwre
Em =5 ., 3 m :#7 CVm =1
3pvy 3JIpyy 3p* T

where T is the sampling interval of the external speed loop. T;
is the load torque and the general observer was reported in [13].
wref 18 the speed reference that is obtained from system setting.
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D. Internal Current Control Loop

The FCS model predictive current control (FCS-MPCC)
is used in the internal control loop to track the direct- and
quadrature-axis current references, which are generated from
the external speed loop. The discrete-time model of an electric
drive is necessary to predict the future evolution of the controlled
output variables for a sequence of control inputs [24]. By using
the Euler approximation for the stator current derivatives for a
sampling time T, the discrete electrical state-space model is
given as follows:

z. (k+1) = Acx. (k) + Beue (k) + E.
Ye (k) = Cee (k) 9)

where 7, = y. = [iq, iq]T, ue = [uq, uy]T, the subscript “e”
denotes electrical variables, and

r TR T
- fT Tyw, (k) ff 0
Ae = T.R 5 B. = T s
| ~Tywe(k) 1- —fL 0 ff
v 0 c [1 0]
e — T We k 3 e — .

The objectives of the MPCC are summarized as follows:
1) torque by ampere optimization (the first term of cost func-
tion);
2) torque current reference tracking (the second term); and
3) current magnitude limitation (the last term).
These objectives can be expressed as the following cost
function:

9= Qi (k+1)* +Qa(ii —iy (k+ 1))

+ f g (k+1),i, (k+1)) (10)

where g is the value corresponding to the voltage vector at the (k
+ 1)th sampling time. Q1 and Q5 are the weighting factors of d-
and g-axis currents. ¢, * is the current reference in the quadrature
axis at the (k + 1)th sampling period. It is obtained from an
external control loop. The nonlinear function for limiting the
amplitude of the stator current is defined as follows:

flia(k+1) i (k+1))
S if
lo if

III. GENERAL MULTI-TIMESCALE ANALYSIS

lig(k 4+ 1)| > dmax O
|id(k + 1)| S imax

lig (k +1)| > imax
|i(1 (k + 1)| S Z‘III&X'
1D

and

The PMSM drive system is divided into fast and slow sub-
systems according to the difference between mechanical and
electrical time constants. The external speed loop is the slow-
sampling model, and the internal current loop is the fast-
sampling model. This scheme can be extended to a general
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multi-timescale system including a slow model and a fast model
based on their state-space model.
For a general two-timescale control system, the state-space
model of two systems can be described as follows:
Slow-sampling model

s (k+1) = Asas (k) + Byu (k)

ys (k) = Csas (k). (12)
Fast-sampling model
zp(k+1) = Arxp(k) + Bru(k)
ys (k) = Cras (k). (13)

The subscript denotes the model: “s” represents the slow-
sampling model and “f” represents the fast-sampling model.
For the convenience of analyzing the coupling relationship be-
tween the two-timescale models, some parameters are defined
as follows:

) T, = nTy;

2) Py and P, are the prediction horizons of the slow-

sampling model and fast-sampling model, respectively;

3) Pp < T,/Ty;and

4) u(k) represents the control variables of fast and slow mod-

els. It consists of the state variable at previous instant and
the increments of control variables of fast and slow model
at current instant, as shown in the following equation:

u(k) =u(k — 1) + Aus(k) + Aug (k) (14)

where Awy (k) is the control increments of the fast model cal-
culated at fast prediction instants, and Aw, (k) is the control
increments of the slow model calculated at slow prediction in-
stants.

Both slow-sampling model and fast-sampling model predict
the future value according to the prediction horizons at each
sampling instant. The timing diagram of the subsystem is shown
in Fig. 3. At the Kth sampling instant of the slow model, as
shown in Fig. 3(a), the slow prediction instants are the (K +
Dith, (K + 2)th ..., (K 4 Ps)th instants. Similarly, at the kth
sampling instant of the fast model, as shown in Fig. 3(b), the fast
prediction instants are the (k + 1)th, (k 4+ 2)th. .., (k + Py)th
instants.

In two-timescale system, the sampling is divided into two
categories: synchronous sampling and asynchronous sampling,
as shown in Fig. 4. The asynchronous sampling instants
are uniformly distributed between two synchronous sampling
instants.

A. Synchronous Sampling

For synchronous sampling, both slow model and fast model
predict the future and output the prediction sequences. The pre-
diction sequence calculated by the slow-sampling model affects
the output of the fast-sampling model and vice versa. As a result,
the control effect of the system depends on the superposition
of fast-sampling model prediction and slow-sampling model
prediction. All the prediction instants for both models are ana-
lyzed in detail in this section.
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Fig. 4. Timing diagram of sampling instant in the two-timescale system.

Considering the coupling between the slow-sampling model
and fast-sampling model, at the Kth or kth sampling instant,
the prediction sequence is divided into four categories as
follows.

1) The prediction sequence Y?(K) of the slow-sampling

model for the P;th slow prediction instants.

2) The prediction sequence Yff (k) of the fast-sampling

model for the Pyth fast prediction instants.

3) The prediction sequence Y,/ (k) of the slow-sampling

model for the Pyth fast prediction instants.

4) The prediction sequence Y7 (K) of the fast-sampling

model for the P;th slow prediction instants.

Y represents the prediction sequence generated by pre-
diction models (12) and (13). The superscript denotes the
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prediction instants: “f’ represents the fast prediction instants
and “s” represents the slow prediction instants. The subscript
denotes the model: “f’ represents the fast-sampling model and

7L}
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where Y/ (k) are the predictions for the Pyth fast prediction
instants and

s” represents the slow-sampling model. v/ (k)
A general cost function of the system is described as follows: Y/ (k) = Yf (k) ,
. s 2 Mot T
min g, = [|Y* (k) = Yier 1 (k)| + [[Y/ (k) — Yier 2 (K) || y} (k+1]k)
) yl (k+2[k)
where Y*(K) are the predictions for the Psth slow prediction Yf (k) = )
instants and :
Tk + Py |k
LYy (k+ P [k)
v = 78 ok 10E)
Yi(K)| :
- yl (k+21k)
) - YI (k) =
ys (K+1[K) :
ys (K +2|K) Lyl (k+ Py k)]
Y;‘S (K) - ’
’ Yier1(k) and Yyepo (k) are the system references for the slow pre-
Lys (K + P [K)] diction instants and fast prediction instants, respectively. They
are the tracking targets at each prediction instant, which are
[y} (K+1[K) T obtained from system setting or external loop command.
vi (K +2|K) 1) Prediction Sequence Y7 (K) of the Slow-Sampling Model
Y (K) = ! for the P;th Slow Prediction Instants: The prediction sequence
! Y#(K) is the conventional prediction of the slow-sampling
. model, which is shown in Fig. 5. It is calculated by using (12)
LYs (K + P [K)] and (14) as follows, (16) shown at the bottom of this page.
i C;B; 7
yi(K+2(K) | |ca
YI(K) = = s (K) + 5 u(K —1)
: : P—1
i (K+ P |K)] oAl Cy Y ALB,
L i=0 J
(59) (S3)
i Cs By ]
CS (ASBS + B‘;) CSB9
M, -1 M, -2
C, Z A'B, C, Z A B, C, B,
i=0 i=0
+ M, M, -1 (D1 x Uy (K) + Us(K))
C,> AB, C, > AB, Cs (AsBs + By)
i=0 i=0
P—1 P2 P, —M,
C, Y AB, C,> AB, C, Y ALB,
L i=0 i=0 i=0 J

16)
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where !
Auys (K |K) where M, .is the maximum itgration length of the slow model
Aus (K +1|K) andwhenzzMS,AUS(K—!—Z|K):O. '
U (K) = 7 Above equation can be written in the following general form:
~ v (K)
Auy (K+Mp—1|K
oy (e My = L) = S, (K) + Siu (K — 1) + 84, (DLUy (K) + U, (K)
Au, (K|K) = Y5 (K) + 84, (DU (K) + U, (K). (17)
Aug (K + 1K) ) )
U, (K) = , At this moment, the outputs of the slow-sampling model are
. affected by the control increments U, (K) and the first item
| Au, (K + M, —1|K) Auy(K|K) of the control increments Uy (K).
i 2) Prediction Sequence Yff (k) of the Fast-Sampling Model
L0 -0 for the Pyth Fast Prediction Instants: The sequence Yff (k) is
D — 0 - 0 the conventional prediction of the fast-sampling model, which
L is shown in Fig. 6. It is calculated by using (13) and (14) as
0 - ... 0 follows, (18) shown at the bottom of this page.
L MM
! (k4 1k CrA C1 51
yp (k+11k) 1Ay C; (AfBy + By)
yh (k+2 k) Cy A} . '
v (k) = ' = . |ayk)+ : u(k —1)
: : ’ Pr—1
b i
yf (k+ Py lk)] 1O A7 Cy D AyB;
i=0
(s7) (sf)
i Cf By T
Cy(A; By + By) Cy By
My 4 M o
Cr Y AyBy C; Y AiB; CrBy
i=0 i=0
+ My Mg-1 (Us (k) + Dy x U (K))
CrY AyBy  Cp ) AjBy Cy(A; By + By)
i=0 i=0
Pr—1 Py—2 Py—M;
O AB Y B oY A
L i=0 i=0 i=0 J

(54)

(18)
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where
Auy (k|k)
Auy (E+11k)

| Aug (k+ My —11k)

Aug (k|k)
Aug (k+1|k)

| Aug (k+ M, — 1k)

D

0

0

0

0 M M,

where M; is the maximum iteration length of the fast model
and when ¢ > My, Aus(k +i|k) = 0.
Above equation can be written in the following general form:

Vi (k) = S{as (k) + Sfu(k — 1) + S, (U (k) + DyU, (k)
19)

Like the slow-sampling model prediction, the outputs of the
fast-sampling model are affected by the control increments
Uy (k) and the first item Aug(k|k) of the control increments
Us (k).

3) Prediction Sequence Y/ (k) of the Slow-Sampling Model
for the Prth fast Prediction Instants: The slow-sampling model
does not make prediction for the fast prediction instants (k +
1, k+ 2..., k+ Py), as shown in Fig. 7. Therefore, in the
conventional method, the outputs of the slow-sampling model
for fast prediction instants are the same, which are equal to the
prediction at the kth instant. This paper proposes an estimation
method based on virtual instants to generate the approximate
prediction sequence for fast prediction instants according to the

=Y/, (k) + SL, (U (k) + DoU, (k).
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measurements and the prediction of the slow model for slow
prediction instants.

At T = 0 instant, as shown in Fig. 8, the first prediction of
the slow-sampling model at T instant is y?(1) according to
(16). y_m(0) is the measurements of the slow model at the
0 th instant. First, a series of virtual instants in 7 period is
conducted, which corresponds to the fast prediction instants.
Second, a linear function is conducted to approximate the pre-
diction sequence y/ (k) as follows:

] (K) = yom, (0) + & (2 (1)~ ym, (0)) . 0)

In general, in order to use this estimation method, the predic-
tion sequence Y (K) of the slow-sampling model for the Psth
slow prediction instants should be obtained at first [see (16)].
Then, the firstterm y2 (K + 1| K') of prediction sequence V¥ (K)
is used in the estimation of the prediction sequence y/ (k + [|k)
of the slow-sampling model for the /th instants, which can be
extended as follows:

yl (k+1[k)
l
= y-ms (K) + = (ys (K + 1K) —y-m, (K))  (21)
where/=1,2..., Py, and y_m,(K) is the measurement of the

slow model at the Kth instant.

As a result, the prediction sequence Y/ (k) of the slow-
sampling model for Pyth fast prediction instants can be derived
as follows:

_nil_
vl (k+1]k) !
yl (k+21k) n-2
Y/ = |7 =| n |yms(K)
! k+.P' k '
yi (k+ Py [k) P,
R
11
n
2
+ | n | (CiAsz (K) + CoBous (K — 1))
P
L n J
11
n
2
+ | ™| CuB (Auy (K |K) + Aug (K |K)).
Fr
L n J

(22)



TU et al.: PREDICTIVE CASCADED SPEED AND CURRENT CONTROL FOR PMSM DRIVES WITH MULTI-TIMESCALE OPTIMIZATION

W e W1
¥
y_my(0) ; L
_. T¢ 2T (n-1)T¢ . | t

Slow-sampling model

—
10 f 1 T I
| P

umumlu

Ty 2T DTy #T
! f (-DTe nTe Fast-sampling model

Fig. 8. Timing diagram of the proposed estimation method for prediction
!

sequence y3 (k).

Synchronous sampling instant k&K Slow-sampling model

| |

K ;K+1 |K+Py
|

| Fast-sampling model :

k  k+l kl-z k+P¢ k+n k+nPg

YO+ vl (k42) .yl Py .yl (ktn) vyl (k+nPy)
Prediction sequence Z/]f (k) $ * *

yiltk+n)  yl+2n) Vil (k+nPy)

thatis VKHD  yi(K+2) Y (K+P)

Prediction sequence Y} (K)
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Above equation can be written in the following general form:
-1 -

3|

-3

Y/ (k) =YL () + | n [ CBJ1 0 - 0]

1M
Py

« (D)« Uy (K) + U, (K)). (23)

4) Prediction Sequence Y (K) of the Fast-Sampling Model
for the Psth Slow Prediction Instants: The timing diagram of
prediction sequence Y7 (K) is shown in Fig. 9. The prediction
sequence of the fast-sampling model for the (P; x n)th instants
ij1 (k) should be obtained at first, which is given as follows:

y,q (k+11k)

yfl (k +21k)
Yffl(k) =

vh (k+nPs L)

The relationship between Y (K) and Yffl(k) is shown as
follows:

(k+nlk)

yp (K+1[K) yffl
K Y k+2n\k)

yi (K +2|K)
. (24)

Yy (K + P |K) v (k‘JrnPs|k)
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Equation (25) is shown at the top of the next page.
Above equation can be written in the following general form:
Vi (k) = 8]y (k) +5 ] u(k— 1) +84,, (Uy (k) + Dol (k)

= Y{,o(k) + SX,1 (Us (k) + DU, (K)). (26)

According to the relationship in (24), the prediction sequence
of the fast-sampling model for slow prediction instants can be
reorganized from (26) as follows:

Y7 (K)
) + D2U9 (K))
27)

= Sty (K) + Shyu(K — 1) + Sh,o (Us (K
= Y50 (K) + Sau2 (Us (K) + DU (K)).

B. Asynchronous Sampling

For the asynchronous sampling, the prediction sequences are
only for the fast prediction instants as shown in Fig. 10. The
control effect of the system depends on the prediction of the
fast-sampling model and the estimation of the slow-sampling
model.

The kth instant and the (k + n)th instant in the fast model are
the synchronous sampling instants, as shown in Fig. 10. The (k
+ Dth, (k + 2)th..., (k + n — D)th instants in the fast model
are the asynchronous sampling instants. The (k + i + 1)th, (k
+ i+ 2)th..., (k+ i+ Py)th instants are termed as the fast
prediction instants for the (k + 7)th sampling instant.

Considering the coupling relationship between the slow-
sampling model and fast-sampling model, the prediction se-
quence is divided into two categories as follows.

1) The prediction sequence Yff (k 4 1) of the fast-sampling

model for the P;th fast prediction instants.

2) The prediction sequence Y,/ (k + i) of the slow-sampling

model for the Pyth fast prediction instants.

Y represents the prediction sequence generated by the pre-
diction models (12) and (13). The superscript “f’ represents
fast prediction instants. The subscript denotes the model: “‘f”
represents the fast- samphng model and “s” represents the slow-
sampling model. “k + 7" in parentheses represents the asyn-
chronous sampling instantand i = 7,2...,n— 1.
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Cy By
: r . AsBs+ B
vl (k+11k) CrA; Cy(A; By + By)
, a2
yh (k+2k) Cy A;
- ., Cr Y A}B;
yh (k+ Ps k) CrA i=0
f f I P2y
Y (k) = = wy (k) + u(k—1)
* n
yl (k+n+1k) Cp AL CyY Ay By
i=0
Lyl (k+Pnlk) | [CrA}" P 1
Cr > AiB;
i=0 _
(57.) (%)
- /B, -
Cr(As By + By) CrBy
P/ -1 P/ -2
Cy > AyBy  Cp Yy AyB; C} By
i=0 i=0
- Uy (k) + Dy + Us (k).
n n—1
CrY AyBy  Cp> A}B; Cy By
i=0 1=0
npPs—1 . nPs—2
Of Z ATfo Cf Z% A}Bf Cfo
L i=0 = i
(54.1) (25)
The general cost function of the system is described as
follows:
; , yl (k+i+1|k+1)
L (b2l )
where Y/ (k+1i)= : ,i=1,2...,n—1
Y (k+i T(k+i+Pplk+i
Y/ (k+1) . - .
- where Y/(k + i) are the predictions for the Pyth fast prediction
- ) ) instants. Y;.¢(k 4 i) are the system reference of the fast-sampling
yp (k+i+ 1|k +1) model and slow-sampling model.
yf (k+i+2|k+i) 1) Prediction Sequence Yff (k+1) of the Fast-Sampling
Yff (k+1i) = / , Model for the Pyth Fast Prediction Instants: The sequence
Yff (k + 1) is the conventional prediction of the fast-sampling
f ) ) model, which is shown in Fig. 10. It is calculated by using (13)
LYy (k+i+ Py lk+1i) and (14) as follows, (29) shown at the top of the next page.
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I (k k Cr A [ OB ]
: _ .
yfr( Fr ik ! ; Cy (AyBy + By)
yr (k+i+2]k+1) Cr A7
Y/ (k+i) = . = xp (k+1) + u(k+i—1)
: ’ P —1
. . P i
yf (k+i+ Py lk+1i) Cray’ Cr Y AyBy
L i=0 J
; .
(Sf> (S7)
Cfo ]
Cy(As By + By) CyBy
]\/1/—1 I\Jf —2
Cy > A\By C; > AiBy C} By
Jj=0 J=0
+ M; My—1 AUy (k + 1)
CrY ApB;  Crp ) AjBy Cy (A By + By)
=0 i=0
Pi—1 P;—2 Py —M;
Cr X AjB;  Cp ) ApBy Cr > ApB
=0 =0 =0 |
(sL.) (29)
where Prediction sequence Y/ (k+i)
Jcvi+l)  yletiv2 J(+i+P
Aug (k+ilk +1) WOATED  yitivd) . yilktitR)
AUf(k+i+1|k+i) T ——
AUs(k+1) = ' . s
f( ) : y_ms(K)Ls L " " Yo (K+11K) : .
Aus(k+i+ My —1|k +1) J Ty 2Ty Ty (DT ... . (H+P)T | .
k + 4 K+l 1

Above equation can be written in the following general form:
Y/ (k + i)
= STap(k+i)+ Sfu(k+i—1) + S5, AU (k + 1)

=Y/ (k +i) + SL, AU (k + ). (30)

2) Prediction Sequence Y (k1) of the Slow-Sampling
Model for the Pyth Fast Prediction Instants: The slow-
sampling model does not make prediction for the fast prediction
instants (k +i+ I, k+i+2...,k+i+ Py),as shownin Fig.
11. As previously mentioned, the estimation method that con-
ducts a linear function to approximate the prediction sequence
according to the measurements and the prediction of the slow
model for slow prediction instants is proposed.

At the kth instant, as shown in Fig. 11, the first predic-
tion of the slow-sampling model is y5,(K + 1|K) according
to (16). y_mso(K) is the measurements of the slow model at
the Kth instant. First, a series of virtual instants are conducted,
which are corresponding to the fast prediction instants. Second,
a linear function is conducted to approximate the prediction

| Asynchronolus ! !
| |

sar{'tpling instant k+i I

+it+
ki+Py Fast-sampling model

Slow-sampling model

k  k+tl k+2 kH kt+itl

Fig. 11.
sequence Y,/ (k+1).

Timing diagram of the proposed estimation method for prediction

sequence Y,/ (k 4 14)
yl(k+i+1]k+1)
i+l
= yamao (K) + S5 3 (K 4 1K) — yoma () G

where [=1,2..., P;.

C. MPC With MTO

Based on the analysis mentioned above, the coupling be-
tween the two-timescale models in the prediction step is
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TABLE I
COMPARISON BETWEEN MPC AND MPC-MTO

Samp‘h.ng Prediction MPC MPC-MTO
Condition Sequence

Synchronous Y/(k) Calculated Calculated
sampling Y$'(K) Calculated Calculated
Y{(k) NO Estimation based on
virtual instants
Y (K) NO Calculated
Asynchronous Y/(k+i) Calculated Calculated
sampling Y{(k+i) NO Estimation based on

virtual instants

decomposed into several prediction sequences. The MPC-MTO
is proposed in this paper, considering all the prediction se-
quences at specific prediction instants. Table I shows the dif-
ference between the conventional MPC and MPC-MTO. In the
proposed method, the linear estimation method based on virtual
instants is proposed to calculate the prediction sequence of the
slow-sampling model for fast prediction instants (Y;/ (k) and
Y./ (k +1)). The long horizon model prediction is performed
to calculate the prediction sequence of the fast-sampling model
for slow prediction instants (Y (k)). The complete and accu-
rate prediction sequence is the key issue in a multi-timescale
system.

In order to demonstrate the relationship among prediction se-
quences, the data stream of the proposed MPC-MTO is designed
in Fig. 12 based on the cascaded structure. The prediction se-
quence of the slow-sampling model for slow prediction instants
(Y2 (K)) is calculated first based on the reference with sys-
tem setting. Then, the prediction sequence of the slow-sampling
model for fast prediction instants (Y, (k) and Y/ (k + 1)) is
calculated, which reflects the intermediate state between two
slow-sampling intants. It is the reference for the internal control
loop and improves the prediction accuracy of the fast-sampling
model. The system output is eventually determined by the cost
function with prediction sequence of the fast-sampling model
(Yff (k) and Yff (k 4 7)) in this cascaded structure.

At steady-state operation, the variables of the slow-sampling
model change less and trend to be stable. Then, the prediction
sequence (Y (k) and Y/ (k + 1)) of the slow-sampling model
for fast prediciton instants trends to be the same as prediction se-
quence (Y (K)). Hence, it has little influence on the prediction
of the fast-sampling model and system output. The steady-state
performances are similar for both conventional and proposed
methods.

However, at the dynamic-state operation, the variables of
fast and slow models change tremendously. The conventional
method that lacks in the intermediate state for fast-sampling
instant can only use the prediction sequence for slow-sampling
instant (Y,? (K)) to do the prediction of fast-sampling model.
Considering the difference in timescale between the two models,
the prediction accuracy is weakened. The proposed MPC-MTO
with coupling terms (Y;/ (k) and Y/ (k +4)), on the contrary,
can improve the prediction accuracy of the fast-sampling model
effectively. The dynamic performance is improved compared
with the conventional MPC.
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Fig. 12. Data stream of prediction sequence of the proposed MPC-MTO.
(a) Synchronous sampling. (b) Asynchronous sampling.

IV. DELAY COMPENSATION

In a digital control implementation, there is a one-step inher-
ent delay between the calculation and output, for both external
speed loop and internal current loop. Based on the cascaded
structure, in this paper, the cost function that determines the
system output only contains the current prediction sequences.

For the internal current loop, the one-step delay usually exists
between the applied voltage vector and the selected best voltage
[18]. In general, the model-based two-step prediction is adopted
to eliminate the side effect caused by the one-step delay [22].
The stator current at the (k + 1)th instant is predicted first based
on (10); then the predicted current i(k + 1) is served as the initial
value to obtain the current at the (k + 2)th instant using (10).
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TABLE II
MAIN SYSTEM PARAMETERS
Control
Sampling time for current loop 7y 50 ps
Sampling time for speed loop 7 500 ps
FPGA frequency 50 Mhz
Prediction horizons of slow model Ps 1
Prediction horizons of fast model Pt 1
Converter
Type 2-level VSI
DC-link Voltage Udc 270V
Dead time 2 us
Electrical Machine
Type SPMSM
Rated machine speed w, 3000 rpm
Stator resistance R 555.22 mQ
Rated torque T 23N'm
Inductance (d axis) La 4.02 mH
Inductance (q axis) Lg 4.02 mH
PM rotor flux ¥ 0.05512 Vs
Pole pairs p 5
Inertia constant J 8.53-10° kgm?

The final cost function should be modified as follows by con-
sidering the one-step delay in practical application:

9 = Qulia(k +2))° + Q2(iy — ig(k +2))*

+ flig(k+2),ig(k +2)). (32)

For the external speed loop, the one-step delay influences the
outputs of current reference order. The current references with
time delay are involved in the calculation of internal current
loop.

According to the feature of strict timing constraints and flexi-
ble sampling time control, one optimization method designated
for the implementation on an FPGA is proposed. The calculation
time of speed loop in one sampling period is measurable and
fixed inside the FPGA because of the pipelined parallel circuit
structure. Usually, it is in nanosecond timescale and far less than
sampling time of the fast model. Once the speed loop calcula-
tion is finished, the status of the slow subsystem holds, which
means that the result of current reference in this control step
is already uploaded in a register, waiting to be triggered. With
the aid of the flexible sampling time control of an FPGA, the
sampling clock of current loop can serve as the trigger to realize
variable transfer from speed loop to current loop. This operation
avoids the delay of data holding and the computational burden
of FPGA remains the same.

V. EXPERIMENTAL RESULTS

In order to validate the performance of the developed method
experimentally, an experimental setup was employed. A five-
pole-pair surface-mounted PMSM is supplied by a 2L-VSI. Ta-
ble II summarizes the main characteristics of the test bench.
The shaft of the motor is mechanically connected to a torque
transducer and a same PMSM load. The incremental encoder
is fixed on the shaft to obtain the rotor position. The proces-
sor board is accompanied by a high-speed A/D interface, an
incremental encoder interface, a digital output interface, and
a universal asynchronous receiver/transmitter (UART) inter-

11057

Downloading

Processing Memory (Y [—]
System Interfaces \/|\/ADO‘
5 v Common Peripherals S——
ommon |3 gy T
X Cortex™-A9MPCore N—
|:> @ Custom Peripherals
High-Bandwidth Communicating

Programmable DC Electronic Load

AMBA-AXI Interfaces
P, bl
Progr

Custom Accelerators 5
Logic
—
1y
JUUL
SRS

Zyng-7020

.

——
iy

2]

K} 41 A

Two-level voltage
source inverter

%

Three phase
bridge rectifiers

,4

PMSM

Fig. 13. Block diagram of the experimental setup.

Fig. 14.

Experimental setup.

face. The main controller board receives and processes the sig-
nals from the current and voltage transducers as well as the
pulse series generated by the encoder. The circuit connection
of the test bench is shown in the block diagram of Fig. 13, and
Fig. 14 depicts the experimental setup used for the validation of
the developed control strategy.

The control algorithm, which is written in Verilog language,
is implemented on a Xilinx Zynq (xc7z020) [25]. The CORDIC
(Coordinate Rotation Digital Computer) algorithm is used for
the calculation of the trigonometric and quadratic functions. The
sampling time for current loop is 50 us, whereas the speed loop
runs at sampling time of 500 us. Both conventional and pro-
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Fig. 15.  Speed reversal from 2000 to —2000 r/min with no load. (a) Proposed
PSC-MTO. (b) Conventional PSC.

posed calculation algorithms are realized in a pipelined parallel
architecture. Experimental test shows that the entire number
of pipelined parallel steps of the proposed method is 41, which
means 0.82 us for a complete calculation. The proposed method
with more computation is conducted at the cost of additional
digital resources.

In this section, the developed predictive speed and current
control (PSC) with MTO (PSC-MTO) is experimentally evalu-
ated and compared with the conventional PSC [19]. The control
parameters for both methods are the same, which are shown
in Table II. Four different tests are performed: first, no-load
speed reversal; second, speed reference change with 1 N-m load
torque; third, load torque change; and fourth, steady-state oper-
ation with nominal load torque.

The performance of the proposed method is examined under
speed reversal from 2000 to —2000 r/min without load torque.
The purpose is to examine the dynamic speed change charac-
teristics eliminating the impact of the load torque. Both PSC
and proposed PSC-MTO exhibit the fast dynamic response, as
shown in Fig. 15. The speed does not have any appreciable
overshoot when the reversing maneuver is performed. How-
ever, there is a noticeable current spike of 7, with 5 A at the end
of the reversing maneuver in PSC, which also results in a slight
speed overshoot with 70 r/min. The proposed PSC-MTO can
maintain the steady current control because of the optimization
for prediction sequence with multi-timescale.

In the next step, different speed reference steps are applied to
the system. The reference steps are 20%, 50%, and 90% of the
rated speed with 1-N-m load. The comparison results are shown
in Figs. 16-18, whereas all response characteristics are tabulated
in Table III. Moreover, the torque, dg currents are shown. Both
methods demonstrate satisfactory dynamic behavior. The dg
currents are decoupled and both track their references fast during
transient.

When the speed reference steps are applied, the tracking is
dominant. Thus, the high torque is applied by the control of
i, until the speed error becomes small. When the reference
steps are arrived, the lowest admissible current is applied to
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Fig. 16. Step speed change from 0 to 600 r/min with 1-N-m load torque.

(a) Proposed PSC-MTO. (b) Conventional PSC.
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Fig. 17.  Step speed change from 0 to 1500 r/min with 1-N-m load torque.

(a) Proposed PSC-MTO. (b) Conventional PSC.

maintain the speed and load torque. Because of the mismatching
of speed prediction and current prediction with multi-timescale,
there are obvious %, current spike and speed overshoot in PSC.
Nevertheless, these are optimized in the proposed PSC-MTO.
The comparisons of speed in detail are also shown in Fig. 19. The
overshoot of PSC is the highest. Furthermore, compared with
the proposed PSC-MTO, there are still some speed oscillations
in PSC when arrived at the reference. The speed oscillation also
causes the larger current ripples in this cascaded structure.

The impact of load torque is shown in Fig. 20. A load torque
step 1 N-m is applied at 600 r/min. Both methods have some
speed overshoot when the load torque changes, whereas the
proposed PSC-MTO demonstrates a smaller overshoot with 38
r/min, compared with the conventional PSC with 51 r/min. There
are also noticeable current and torque spikes in the conventional
PSC, which are optimized in the proposed PSC-MTO.
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(a) Proposed PSC-MTO. (b) Conventional PSC.

TABLE III
RESPONSE CHARACTERISTICS OF SPEED REFERENCE CHANGE

Parameter Operating Conventional Proposed
Condition PSC PSC-MTO
Speed Peak 600 rpm 634 606
(rpm) 1500 rpm 1524 1502
2700 rpm 2722 2703
Speed Overshoot 600 rpm 5.67 1
(%) 1500 rpm 1.6 0.13
2700 rpm 0.82 0.11
Speed Oscillation 600 rpm 18 5
(rpm) 1500 rpm 10 4
2700 rpm 8 5
ig Current Spike 600 rpm 2 0.5
(A) 1500 rpm 2.1 0.8
2700 rpm 245 0.4
ig Current Ripples 600 rpm 44 3
(A) 1500 rpm 34 32
2700 rpm 4 33
700 -
. - Conventional MPC method
g 600 Av Ao ---v/wﬂ;xy A ool
SS 500 / Proposed imethod
0.1 0.2 0.3 0.4 0.5
1600
'g' — Conventional MPC method
E 15001 gpmusns N
S 7
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2800
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Fig. 19. Speed comparison between PSC-MTO and PSC. Zoom in the result

of Figs. 16—18 (from top to bottom).
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Fig. 20. Load torque change from 0 to 1 N-m, then to 0 N-m. (a) Proposed
PSC-MTO. (b) Conventional PSC.
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Fig. 21. Steady-state operation at speed of 90% of the rated value with
2.3-N-m nominal load torque. (a) Proposed PSC-MTO. (b) Conventional PSC.

At steady-state operation with nominal load, the torque of mo-
toris 2.3 N-m and the speed is 90% of the rated speed. The speed,
torque, dq currents, and phase currents of the motor for both ex-
amined methods are shown in Fig. 21. The result shows that
the speeds for both methods are stable, without offset. Since the
speed is steady, the speed prediction has little effect on current
prediction. Both methods express the similar performance on
current. The internal current controllers for the quadrature and
direct stator currents track the reference well. The phase current
has a sinusoidal waveform without distortion. Combined with
the steady-state performance in speed reference change test,
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the proposed method achieves a similar or even better overall
steady-state performance over a wide speed range.

VI. CONCLUSION

This paper presents a cascaded PSC-MTO for a permanent-
magnet synchronous motor. According to the different mechan-
ical and electrical time constants in PMSM drives, a cascaded
structure is designed to predict the speed and current, and differ-
ent sampling times are assigned accordingly. In order to solve
the coupling between the two-timescale models, the predictions
of both slow and fast models for all the prediction instants are
analyzed in detail. A linear estimation method based on vir-
tual instants is proposed to improve the accuracy of the slow-
sampling model for fast prediction instants. The data stream of
the proposed method is designed based on the cascaded struc-
ture. Finally, the presented scheme is validated by experimental
results with a better dynamic performance compared with con-
ventional PSC. The developed method also exhibits the similar
or even better overall steady-state performance over a wide
speed range.
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