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FPGA-Based Continuous Control Set Model
Predictive Current Control for PMSM System Using
Multistep Error Tracking Technique

Fengxiang Wang"”, Senior Member;, IEEE, Long He

Abstract—To overcome the shortcomings of the conventional
continuous control set model predictive current control (CCS-
MPCC), such as large overshoot and poor robustness, an ex-
tended surface-mounted permanent magnet synchronous mo-
tor (SPMSM) model-based multistep error tracking CCS-MPCC
(MSET-CCSMPCC) is proposed in this article. First, a tradi-
tional CCS-MPCC is derived based on the conventional SPMSM
model and its robustness is analyzed by considering the parame-
ter mismatches. Second, an extended SPMSM model is given by
incorporating the lumped disturbances into one disturbance part.
Third, a sliding mode differentiator improved fast terminal sliding
mode disturbance observer is designed to track the disturbances.
Fourth, by compensating the extended SPMSM model for the
estimated d- and g-axes disturbances, an extended SPMSM model-
based CCS-MPCC (EXM-CCSMPCC) is designed. However, the
EXM-CCSMPCC has serious step response overshoot. Fifth, an
extended SPMSM model-based single step error tracking CCS-
MPCC is presented, whose dynamic response and steady-state
performances deteriorate when the overshoot is reduced. Finally,
an MSET-CCSMPCC is proposed to reduce the overshoot and
improve the robustness while maintaining excellent dynamic and
steady-state performances. Experiments are implemented on a
field-programmable gate array based hardware system to verify
the excellent performances of the proposed method.

Index Terms—Fast terminal sliding mode disturbance observer
(FTSMDO), model-based predictive current control (MPCC),
multistep error tracking, permanent magnet synchronous machine
(PMSM).

1. INTRODUCTION

ERMANENT magnet synchronous motor (PMSM) has
been widely employed in the industrial fields owning to its
superior performances [1], [2]. Digitally controlled systems are
required for high-performance PMSM operations, which largely
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prompt efficiency and precision. Field-oriented control (FOC)
is one of the most popular digital control methods applied in
the industry, which can independently control the torque and
magnetizing flux [3].

In a classical FOC method, the inner current control loop de-
termines the dynamic and steady-state performances of the stator
current. In addition to the traditional proportional-integral (PI)
control [4], many advanced current control methods have been
proposed to improve the performances of the stator current, such
as deadbeat-based predictive current control (DPCC) [5], [6],
model-based predictive current control (MPCC) [7], [8], hys-
teresis current control [9], and so on. Among these methods,
MPCC is one of the most popular strategies for current control,
owing to its fast dynamic response and superior robustness [10].
The finite control set MPCC (FCS-MPCC) determines the opti-
mal voltage vector by minimizing the predefined costindex [11].
Although an excellent transient performance is achieved, the
FCS-MPCC causes large current and torque ripples. The con-
tinuous control set MPCC (CCS-MPCC), which is an important
branch of MPCC, calculates the voltage reference by minimizing
the predefined cost index [12]. The derived voltage reference
is translated into switching signals by space vector pulsewidth
modulation (SVPWM). Comparing with the FCS-MPCC, the
CCS-MPCC causes smaller current ripples and requires fewer
computation efforts [ 13]. However, conventional CCS-MPCC is
sensitive to the parameter mismatches [14], which may induce
steady-state error.

Surface-mounted PMSM (SPMSM) is a nonlinear and strong
coupling control system where system parameter mismatches
and external disturbances are inevitable, and deteriorate the
performances of control algorithms. Disturbance observer (DO)-
based control is one of the most effective antidisturbance meth-
ods [15]-[20]. Wang et al. [15] presented a finite-time DO to
estimate the load disturbances. Combining with the nonsingular
terminal sliding-mode control, an excellent disturbance rejection
ability is acquired. A discrete Luenberger DO is designed to
improve the robustness against parameter variations in [16], and
as aresult, a high-performance current control is achieved. Luen-
berger observer, which is a kind of linear observer, is widely used
due to its intuitive structure. However, the Luenberger observer
is sensitive to parameter variations, which results in inaccurate
state estimation. To solve this problem, nonlinear DOs have re-
ceived more and more attention. Sliding mode observer (SMO) is
one of the most popular nonlinear observers, which is employed
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in a lot of high-performance SPMSM drives [17]-[20]. Lumped
disturbances estimated by the SMO are fed forward to compen-
sate the sliding mode controller in [17]. A lot of research works
have been conducted on the well-known chattering problem in
the traditional SMO, which may cause high-frequency dynam-
ics [18]. Zhang et al. [19] proposed a sliding-mode reaching
law, which reduces chatter while maintaining robust tracking
performance. A unified high-order SMO (HSMO) has been
designed in [20], which effectively reduces chatter.

In this article, an extended SPMSM model-based multistep
error tracking CCS-MPCC (MSET-CCSMPCC) is proposed to
reduce the overshoot of the current step response and improve
the robustness of the conventional CCS-MPCC. An extended
SPMSM model is given by incorporating the external distur-
bances and parameter variations into a disturbance part. To track
the disturbance fast and accurately, a sliding mode differentiator
(SMD) improved fast terminal sliding mode DO (FTSMDO)
is designed. An extended SPMSM model-based CCS-MPCC
(EXM-CCSMPCC) combining CCS-MPCC and FTSMDO is
derived, which improves the robustness against lumped dis-
turbances. The EXM-CCSMPCC exhibits high performances
on dynamic response and steady state. However, there is an
overshoot in the step response test, which limits its use. To solve
the problem, an MSET-CCSMPCC is proposed finally, which
reduces the overshoot while keeping excellent steady-state and
dynamic response performances. Experiments were carried out
on a field-programmable gate array (FPGA) based hardware
system to verify the proposed methods.

The rest of the article is structured as follows. In Section II, a
conventional CCS-MPCC is derived on the basis of the classical
SPMSM model. In Section III, an extended SPMSM model
is presented by considering the lumped disturbances, and an
FTSMDO is designed to estimate the disturbance part of the
model. Then, an extended SPMSM model-based CCS-MPCC
(EXM-CCSMPCC) is proposed. To reduce the overshoot of
the EXM-CCSMPCC in the step response test, a single step
error tracking CCS-MPCC (SSET-CCSMPCC) is derived by
assuming the error between the given current and feedback
current to converge exponentially. Finally, an MSET-CCSMPCC
is proposed to further improve the performances. In Section IV,
experiments were carried out on an FPGA-based hardware
system and the results are presented and analyzed. At last, the
conclusion is drawn in Section V.

II. PMSM MODEL AND CONVENTIONAL CCS-MPCC
A. Modeling of the SPMSM

In a synchronous rotating frame, the current equations of an
SPMSM can be denoted as [21]

{Zd = 1 (uq — Riq + Lpwpmiq)
iq = %(uq — Riq — prmid - wrpwm)

ey

where u4 and u, mean the stator voltages of the d- and g-axes,
respectively, L is the stator inductance, R is the stator resistance,
iq and 74 are the stator currents of the d- and g-axes, respectively,
1), is the permanent magnet flux linkage, p is the number of pole
pairs, and w,,, is the rotor angular velocity.
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B. Conventional CCS-MPCC

According to Euler formula, (1) can be discretized as

2

where T, is the current loop control period.
The cost index of the conventional CCS-MPCC is defined as

J(k) = (ig(k) — ia(k + 1)) 3)
+ A(ig (k) —ig(k + 1)) €))

where 7, is the d-axis current reference, ij; is the g-axis current
reference, and X is the weight coefficient. To optimize the control
object, J(k) in (3) is minimized by calculating appropriate
voltage variables uq(k) and u,(k), which yields

2 o
éffd((k)) —0 ()
Dughy — V-

By solving the simultaneous (2), (3), and (5), the optimized
voltage variables uq (k) and ug (k) are obtained

ua(k) = L9919 4 Riy (k) — Lpwp ()iq (k)
ug(k) = L9 4 Ry (k) + Lpw (k)ia(k) — ©)
+ rpwm (k).

C. Parameter Sensitivity Analysis

The parameters of the prediction model (2) include stator re-
sistance, stator inductance, and permanent magnet flux linkage,
which vary with the operating environment. The performance of
the controller (6) would be deteriorated by the parameter varia-
tions and nonlinearity. Assume R, = R,, + Rs, L, = L,, + Ls,
Vry = Yy + Urs, where Rg, L, and 1,5 are the parameter
variations, R,,, L,, and 1, are the real parameter values.
Applying R,, L,, and ¢, to (6), it derives

uay (k) = Ly 10 4 R (k)
—Lnpwi (k)iq(k) + Aua(k)

it (k)—iq(k .
gy (k) = L, 2B 4 ki (k)

c

FLnpwm (k)ia(k) + Yrnpwm (k) + Aug (k)

@)

where Aug(k) = L(;W + Rsiq(k) — Lspwm (k)iq(k),

Aug(k) = Ls "W o Riio (k) + Lopwn (kYia(k) +
Yrspwm (k). Substituting (7) into (2), it derives

3

®)

|3

ia(k +1) = i (k) + Aug(k) L=
ig(k +1) =i (k) + Aug(k)£=.

n

~

From (8), it can be found that errors between the reference
currents and the feedback currents are induced by the parameter
mismatches. In the following section, improved CCS-MPCC
methods are proposed to track the currents accurately.
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III. EXTENDED SPMSM MODEL AND PROPOSED CCS-MPCC
A. Extended SPMSM Model

The lumped disturbances of d- and g-axes can be regarded as

_ ug _ Yg _ Rig ; _ U Yy Rig
ng =4 — ¢t 74 + pwmiq and ng = v T
PWnid — %, where Ly is the nominal stator inductance.

The current equations of an SPMSM are denoted as

{i.d:““"d ©)

Ng = aq

{if’ ~In Tt (10)
Mg = Qq

where u; and “2 are the voltage references to d- and g-axes,
respectively, a4 and a, are the variation rates of the lumped
disturbances.

B. Fast Terminal Sliding Mode DO Design

To track the lumped disturbances, an FTSMDO can be de-
signed as

?d:%JrﬁdJrNdo (11)
flg = Ng1
lg = 75 + g + No (12)
flg = Ng1

where %d, %q, 74, and f, are the estimations of ¢4, ¢4, nq, and ng,
respectively; and Ngg, N1, Ngo, Ng1 are sliding mode control
functions. By subtracting (9) to (11) and (10) to (12), the system
error state equations are derived as

€d = end — Nao

. 13
{end:ad_Ndl (13)

€4 = eng = Noo (14)

€ng = aqg — N1

where e; = idfid’ end = Ng — Ng, eq =1 and e,y = ng —

quq ’
Ng.

To obtain finite-time convergence and good tracking accuracy,
the FTSMDO surfaces are given as [22]

Sq4 = €q + ageq + Baleq| ™ sign(eq) = 0 (15)
Snd = énd + apglnd + Bnd ‘end Tnd Sign(end) =0
Sq = €q + ageq + By leq| " sign(eq) =0 (16)
Sng = €ng + QngCng + Bng |eng| " sign(enq) =0

where ag >0, 53 >0,0<v <1, ap, >0, B, >0, 0<
Yng < 1,04 >0, 8, >0,0<7v, <1, ay, >0, B, >0,and
0<, <L

Substituting (13) to (15) and (14) to (16), and considering
€nds €ng> ad, and a, as the disturbances of control functions,
respectively, the FTSMDO control functions can be derived as

Nao = ageq + Ba |eq)" sign(eq) (17)
Ng1 = andend + Bnd |enal ™ sign(enq)
Ny = ageq + By leq™ sign(eq.) (18)
Nyt = Qnglng + Bng l€ng| "™ sign(eng).
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The d-axis FTSMDO is analyzed as follows, and the results are
also applicable to the g-axis FTSMDO.

1) Stability of the Observer: A Lyapunov function is con-
structed as Vg = 3s2. Its time derivative is given as

V= $q84. (19)

Combining the first equations of (13), (15), and (17), the surface
s4 can be derived as

Sd = €nd- (20)

According to (20) and the second equation of (13), the deriva-
tive of sg with respect to time is

éd = aq — Ndl- (21)

Then, substituting (20) and (21) to (19), Vd can be calculated
as

Vi = aasa — Na1sa- (22)

Substitute the second equation of (17) to (22), and the Vd can be
derived as

Vi = aasa — (nas + Bna |54 |sa])

< |sq| (|aa| — ona |sa| = Bna sal ™). (23)
Therefore, when |ag| < ana|Sa| + Bralsa|™™, itobtains V; < 0
(sq # 0). Considering the control period of the current loop is so
short that a4 can be regarded as zero, Vd < 0(sq # 0) is drawn
when «,,4 > 0 and (5,4 > 0. Thus, according to the Lyapunov
stability theorem, the FTSMDO surface is reached in a finite
time and stay on it thereafter. The following equation is obtained
accordingly

éq = —ageq — Ba \ed|7d sign(ed). (24)

Assuming the initial e; does not stay at zero and the -4 is well
chosen, e; = 0 can be reached in a finite time. According to
(24), the physical interpretation can be depicted as follows.
1) If ey stays far away from zero, it obtains é; ~ —aygeq,
which means the e; converges exponentially.
2) If eq stays close to =zero, it obtains
—Baleq|sign(eq), which becomes a terminal attractor.
By substituting e; = 0 into (24), it obtains e; = é4 = 0,
which means the designed FTSMDO has the properties of the
HSMO [23]. From (20), e,,4 vanishes to zero with time as well
as Sq.
2) Reaching time of e;: By solving (24), the precise time to
arrive at e, = 0 can be derived as

éd%

1 1-vq
ty = In O[d|€d(0)‘ +6d

ad(l —va) Ba

(25)

3) Calculation of é4: Let é;3 = x. In common, z is calcu-
lated as = ~ = (eq(k) — eq(k — 1)), which is sensitive to the
noise [24]. To improve the quality of é4, an exponential reaching
law based SMD is given as follows [25]:
éd = — ldosign(éd — ed) — ldl (éd — ed)

R . N (26)

r = fld2s1gn(ed — 6(1) — ldg(ed — ed)
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i (i ; wh(ul)
dﬁ» Lj\‘r % ——(+ d d
fq(fig)
Ly
.y FTSMDO
ia(iq)
Fig. 1. Block diagram of the EXM-CCSMPCC.

where ¢4 is the estimated value of ¢4, 2 is the derivative of
é4, which derives x =~ &, [4o0 > 0, lg1 > 0, lgo > 0, lg3 > 0.

C. Extended SPMSM Model-Based CCS-MPCC

Substitute the estimated 74, 74 to the extended SPMSM
model, and it can be rewritten as

ig = % + g
Equation (27) can be discretized as
{ ia(k +1) = ia(k) + Tc<“‘z(§f> +hak) e
. . ul (k ~
gk +1) = ig(k) + T.(“2 1 (k).
The cost index of the EXM-CCSMPCC is defined as
(i5(k) —ia(k +1))*
+ Mig (k) —ig(k +1))%.

27)

Je(k) =
(29)

The cost index J, (k) in (29) is minimized by calculating appro-
priate voltage variables u; (k) and u; (k), which yields

oJc (k) _ 0
(o
o k)
A

By solving the simultaneous (28), (29), and (30), the opti-
mized voltage variables u}(k) and uj (k) are derived as

{UZ(/*?) =Ly
U*(k‘) :LN

(30)

iy (k) —ia (k)

L0 Lyia(k)
iy (k)i (k)
T.

31
— Lig(k). Gl

Fig. 1 shows the diagram of the EXM-CCSMPCC and the
flowchart of the EXM-CCSMPCC is shown in Fig. 5(a). The
cost index of the proposed EXM-CCSMPCC is constructed to
achieve the fastest tracking, and as a result, the i4 and 7, track
the 4, and z'j; as fast as possible. However, serious overshoot
occurs in the step response test by using the EXM-CCSMPCC.
To eliminate the overshoot, a new cost index is constructed in
the next section.

1) Stability of the EXM-CCSMPCC: A lyapunov function is
constructed as (32) to prove that the e;q = i}, — iq and e;q =
iy — ig vanish with time when the current controller (31) is

applied
Via =
Viq =

SpOSH R
u

(32)

N || —

2
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Derivations of the V;4 and V;, are calculated as

dv; el
ot = eui( +ng) = =7
dVig ) i

. k73 €
a = _eiq(ﬁ +ng) -7,

— €id€nd

(33)

€iqtng

where the e,,4 and e,,, decrease over time when the FTSMDOs
are applied. Therefore, the ¢;4 and ¢;, vanish with time.

D. Extended SPMSM Model-Based Single Step Error
Tracking CCS-MPCC

Let

{ o, (34)

.
Aq—zq iq-

Assume the errors between the given currents and the pre-
dicted currents converge exponentially, namely, Ay = e "¢,
A, = e *'. The time derivatives of Ay and A, can be derived
as

Ag=—pAq
{Aq = —pA,. (35)
Letn = (1 — T.p), and (35) can be discretized as
Ad(k + 1) = nAd(k) (36)
Ag(k+1) =nlg(k)

where 0 < n < 1.
Therefore, the cost index of the SSET-CCSMPCC is designed
as

Ia(k) = rao(Aa(k)n — Ag(k +1))2

+ ago(Ag(k)n — Ay (k +1))2. (37)

If the cost function J (k) in (37) is minimized, (35) is approx-
imately satisfied. Thus, the A4 and A, converge exponentially.
According to (34), it obtains

Aa(k) = ig(k —1) —ia(k)
Ay (k) =ip(k — 1) —ig(k) (38)
Ag(k+1) = iy(k) —ia(k+1)
Ag(k+1) = ig(k) —ig(k +1).
Substituting (28) and (38) into (37), and solving 8JA((k)) 0,
‘;‘iA((l]j)) = 0, it obtains
ug(k) = 3 (ig(k) — nig(k —1)
—(1 =n)ia(k) — Tena(k))
uy(k) = B iy (k) —nig(k — 1) <

— (L= n)ig(k) — Teg(k))-

Fig. 2 shows the block diagram of the SSET-CCSMPCC, where
z indicates that one sampling period delay is applied, and the
flowchart of the SSET-CCSMPCC is shown in Fig. 5(b). In the
step response test, large 1 will eliminate the overshoots of the
14 and 74, but increase the tracking time and the current ripples.
To solve the problem, an MSET-CCSMPCC is proposed in the
next section.
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1—n

i) ; ‘Lleld(ﬁq)
I BA-O-EA

=1

Block diagram of the SSET-CCSMPCC.

FTSMDO

uy(uy)

Fig. 2.

Fig. 3.

Block diagram of the MSET-CCSMPCC.

E. Extended SPMSM Model-Based Multistep Error Tracking
CCS-MPCC

According to (36), it derives

{ Ag(k +1) =T Ay (k - j)
Ay(k+1)= 77J+1Aq(k —J)-

The cost index of the MSET-CCSMPCC can be constructed as
follows:

(40)

m—1
Tnaa (k) =) hai(Balk — 5t = Ag(k + 1))
7=0
m—1 )
+ ) g (Ag(k =)t = Ay(k+ 1)) (@1)
3=0
where Ag(k—j) =5k —j—1) —ig(k—7j), Mgk —j) =
ig(k—j—1)—ig(k—j), and Ag(k+ 1), Ay(k + 1) can be

derived by combining (28) and (38). Assuming that each subitem
has the same weight, A4; and A4; can be chosen as 1. By solving

a7 a7 . .
aglfﬁ,i’)“) 0 and M@i’;) = 0, the cost index Jp () in (41)

is minimized, and the appropriate voltage variables «;(k) and
uy (k) can be calculated as

(k) = g (mig(k) — Y700 ik —j — 1)
—(mia(k) = 32720 , 773+1 a(k = j)) — mTena(k))

uy(k) = B (miy (k) = 2750 i T hig(k — j — 1)
—(miq(k) — 32750 77J+1 q(k = 7)) = mTeig (k).
(42)

In Fig. 3, the block diagram of the MSET-CCSMPCC is de-
picted. The flowchart of the MSET-CCSMPCC is shown in
Fig. 5.

1) Stability of the MSET-CCSMPCC: As the current loop
control period 7, is sufficiently small, the MSET-CCSMPCC
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FTSMDO

Fig. 4. Block diagram of the MSET-CCSMPCC in s-domain.

can be expressed in s-domain as

{ Ui(s) = Ln(Ge(s)(I(s) — a(s)) + G(s)La(s) — Na(s))
Ug(s) = Ln(Ge(s)(L(s) — I4(s)) + Gr(s)Ig(s) — Ny(s))

(43)
—(n™ mT.s -1
where G.(s) = mlT (m— nQ (nll;js_z; ) ))), Gy(s) =

= 1= TﬁﬁmT es) ), Fig. 4 shows the block diagram of
m 5—1n

the MSET-CCSMPCC in s-domain, where Gin(s) = ﬁ
is the transfer function of the SVPWM-based inverter. The
closed-loop transfer function can be derived as

_ Gin(s) 7% Gon (8)(Ginw s)N (s)—Ng(s)
Ii(s) = eno) ld(s) — ( (d(s)d a(s)) )
in(S) 7% Grn(8)(Ginv(s)Ng(s)—Ny(s
lq(s) — Gd(( )) l’q(s) _ (s)( (dzs) (s) ( ))

Ignoring high-order items of 7, which is sufficiently small,
it derives

Gin(s) = (1 =n)(Tem(1 +m)s + (372, (1 —n7)))
Ga(s) = (1 —n)(m*+ (ZJ 12— WJ)))T s

+ (L=n)(je (1 =77))
Grn(s) = =Tem(n — 1)

(45)

Letting G4(s) =0, the characteristic root lies in the left
half-plane, and the control system is stable. Assuming s = 0,
it derives

m—n—

U
) Tom(n—1)) Enq(s
I,(s) = Iq(s) + (=Tem(n=1))Eng(s)

m—n—nm+nnm

I — I*(s) + ELemn=1)) Ena(s)
{ a(s) d(s) m+nn’ (46)
where E,,4(s) and E,,4(s) converge to zero when the FTSMDOs
are applied. Thus, the i4 and i, can precisely track the ij; and i,
respectively, in the steady state.

IV. EXPERIMENTAL RESULTS

AnFPGA-based hardware system has been designed as shown
in Fig. 6. The XC7Z020-CLG484-1, which incorporates dual-
core Cortex-A9 processors and an FPGA core, was utilized as the
control unit. A PWM Generator, an analog-to-digital converter
(ADC) interface, an Encoder Decoding are implemented on
the FPGA core by employing Verilog language. By properly
designing the PWM Generator module clock, a desired resolu-
tion is achieved. A parallel interface is designed to interface to
a 16-bit, simultaneous sampling ADC AD7606. The Encoder
Decoding is designed to interface to an incremental encoder,
which provides information on the sensor’s current position and
the period between two encoder events. CPUO (CPU: central
processing unit), which runs an embedded Linux, communicates
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Fig. 6. Block diagram of the designed FPGA-based hardware system.

with a control and monitoring software installed on the computer
via Ethernet. The motor control algorithms are implemented on
the CPU1, which communicates with the CPUOQ via the on-chip
memory.

To verify the proposed algorithms, an SPMSM test bench has
been established as shown in Fig. 7. Two SPMSMs manufac-
tured by Wenling Yuhai Electromechanical Corporation with
the parameters specified in Table I are coupled via a flexible
coupling. The drive motor, which is driven by an FPGA-based
hardware system, is used to test the algorithms. The load motor,
which is driven by a 3.0 kW commercial inverter made by Micno
Corporation, is applied to provide the speed. An incremental

(b)

!

end

(©)

Flow diagrams of the proposed methods. (a) Flow diagram of EXM-CCSMPCC. (b) Flow diagram of SSET-CCSMPCC. (c) Flow diagram of MSET-

Load Inverter

=y

Drive Motor

Fig. 7.  Experimental setup description.

encoder with a resolution of 2500 pulses per revolution (P/R) is
utilized for measuring the SPMSM speed. Three high-precision
sampling resistors are used to measure the stator currents.

In the following sections, experimental results are presented
and analyzed. In part A, the proposed methods are tested to
verify the effectiveness. In part B, the performances of the
designed FTSMDO are verified. In parts C and D, the proposed
methods are explicitly compared with the existed conventional
CCS-MPCC for sharing the advantages and drawbacks.

A. Speed Reversal Performance

Experiments to validate the performances of the EXM-
CCSMPC and MSET-CCSMPCC during the rated full-speed
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TABLE I

PARAMETERS OF SPMSM

Descriptions Parameters ~ Nominal Values

Stator resistance R 1.7912Q

Stator inductance L 3.5mH

Pole pairs D 4

PM flux Py 0.0799 Vs

Rated power Py 0.75 kW

Rotor inertia In 0.00024 Kg - m?

Rated current I (eff) 3.5A

Rated speed WMN 3000 rpm

Rated voltage Upn (eff) 220V

Rated torque TyvN 2.4 Nm

DC link voltage Vie 300V
_ 7 A
= |
v I\
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Fig. 8.  Experimental results during the rated full-speed reversal process. (PI

cascade with EXM-CCSMPC, from 3000 to —3000 r/min).
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Fig. 9. Experimental results during the rated full-speed reversal process. (PI

cascade with MSET-CCSMPCC, from 3000 to —3000 r/min).

range are carried out, respectively, in Figs. 8 and 9, where the
load motor is out of service and the w;, is directly changed in
the program. In both experiments, the PI control with the same
parameters is applied to the outer speed loop, and the given speed
wy, is changed from 3000 to —3000r/min at 0.16s. The g-axis
currents of both methods jump to their upper bounds within 3 ms,
but the i, overshoot of the MSET-CCSMPCC (almost no over-
shoot) is much smaller than that of the EXM-CCSMPC (0.8 A
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Fig. 10. fq experimental results of the FTSMDO and SMDO under the ¢4 step
response test with the conventional CCS-MPCC. (450 1/min, 4 alters from 0 to
5A).
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Fig. 11. 74 experimental results of the FTSMDO and SMDO under the i,

step response test with the conventional MPCC. (450 r/min, ¢, alters from O to
SA).

overshoot). As i, is proportional to the electromagnetic torque,
the drive SPMSM reverses from 3000 to —3000 r/min fast in
both experiments (within 0.09 s). The experimental results indi-
cate that the proposed EXM-CCSMPCC and MSET-CCSMPCC
have the fast dynamic response in the full-speed range. However,
the MSET-CCSMPCC has better performance considering the
overshoot suppression.

B. Performance of the FTSMDO

To verify the excellent performances of the designed
FTSMDO, an exponential reaching law based SMDO is given
below as a comparison method
%‘q = ETQV + g + ageq + PBysign(eq)

A ! a7
Mg = ang(ageq + Bysign(eq))

where the parameters «, 34, and o,, are chosen to be of the
same values as that of FTSMDO.

Experiments to validate the performances of the SMDO and
FTSMDO during the i, step response test are carried out in
Figs. 10 and 11, where the i, is directly changed in the program
and the motor speed is provided by the Micno commercial
inverter. The conventional CCS-MPCC is applied to the current
loop of the FPGA-based hardware system, and the i, and u; are
fed back to the SMDO and FTSMDO, respectively. The drive
motor runs at 450 r/min, and the i; is changed from 0 to 5 A.
It can be seen that the FTSMDO tracks slightly faster than the
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Fig. 12.  Experimental results of the ¢, step response test. (With the conven-
tional CCS-MPCC, 450 r/min).
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Fig. 13.  Experimental results of the i, step response test. (With the EXM-
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Fig. 14.  Experimental results of the i, step response test. (With the SSET-

CCSMPCC, 450 r/min).

SMDO, and the 72, and %q of the SMDO have more serious chatter
than that of the FTSMDO (approximately two times larger).

C. 1, Step Response Performance

The i, step response performances of the conventional
CCS-MPCC, EXM-CCSMPCC, SSET-CCSMPCC, and MSET-
CCSMPCC are evaluated in Figs. 12, 13, 14, and 15, respec-
tively, where the 7; is directly changed in the program and the
motor speed is provided by the Micno commercial inverter. It
can be seen that both the conventional CCS-MPCC and EXM-
CCSMPCC have serious overshoots (0.8 A in the 0-5 A step
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Fig. 15.  Experimental results of the ¢, step response test. (With the MSET-

CCSMPCC, 450 r/min).
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Fig. 16.  Steady-state performance under the stator inductance variation. (With
the conventional CCS-MPCC, 450 /min, 5 A ig).

response test). The overshoots of the 7, are eliminated with the
proposed SSET-CCSMPCC and MSET-CCSMPCC methods in
the 0-2, 24, 4-0, and 0-5 A step response tests. However,
the SSET-CCSMPCC tracks more slowly (2 ms approximately)
than three other methods (within 1 ms). The proposed EXM-
CCSMPCC and MSET-CCSMPCC have comparable steady-
state performances and the current variations are smaller than
0.28 A when the 7, operates at 5 A. The current variations of the
SSET-CCSMPCC (0.32 A when the 7, operates at 5 A) and the
conventional CCS-MPCC (0.3 A when the i, operates at 5 A)
are larger than those of two other methods.

D. Parameter Sensitivity Evaluation

From (31) and (42), the proposed EXM-CCSMPCC and
MSET-CCSMPCC are only affected by the stator inductance,
while the conventional CCS-MPCC is influenced by the sta-
tor inductance, stator resistance, and permanent magnet flux
linkage. Fig. 16 shows the experimental results of the conven-
tional CCS-MPCC, where the feedback i, decreases with the
decreasing of the stator inductance. Figs. 17 and 18 compare
the steady-state performances of the proposed EXM-CCSMPCC
and MSET-CCSMPCC under the stator inductance variation. In
the whole range of the inductance variation, the ¢, keeps the
average value of 5 A with both methods. By changing the stator
inductance to 9 mH, the i, of the EXM-CCSMPCC has a large
chatter for the later 0.1 s, while that of the MSET-CCSMPCC
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(With the MSET-CCSMPCC, 450rpm, 5 A 7).

first jumps to 7 A but returns to 5 A fast. When the stator
inductance decreases from 6 to 2.62mH, the i, variations of
both methods are within 0.28 A. When the inductance decreases
from 2.62 to 0.5 mH, the 4, ripples increase, but the i, ripples
of the MSET-CCSMPCC increase more rapidly than that of the
EXM-CCSMPCC.

V. CONCLUSION

This article has proposed a robust CCS-MPC control method
for an SPMSM. An extended SPMSM model and a fast terminal
sliding mode DO are considered for disturbance compensation.
Furthermore, a multistep error tracking CCS-MPCC is proposed
to reduce the overshoot while keeping excellent steady-state and
dynamic response performances. The major contributions of the
proposed strategy include the following.

1) An SMD improved FTSMDO is designed to estimate the

lumped disturbances.

2) A multistep error tracking based cost index is proposed to
improve the tracking performance of the CCS-MPC.

3) A composite control method combining CCS-MPCC and
FTSMDO is developed to enhance the disturbance rejec-
tion capability of the PMSM system.

The experimental results implemented on an FPGA-based

hardware system verify the effectiveness of the proposed
method.
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