2526

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 3, MARCH 2019

Sliding Mode Based Combined Speed and Direct
Thrust Force Control of Linear Permanent Magnet
Synchronous Motors With First-Order Plus Integral
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Abstract—A combined speed and direct thrust force control
scheme in the synchronously rotating stator flux oriented refer-
ence frame based on sliding mode control is proposed for a linear
permanent magnet synchronous motor. First-order stator flux dy-
namics and a second-order nonlinear state-space model for the
combined dynamics of speed and thrust force as system states
are presented for the linear machine. These dynamic models are
then utilized for synthesis of the two sliding mode control laws for
flux regulation and combined speed and thrust force control. The
sliding mode control laws produce the orthogonal components of
command voltage in the stator flux reference frame which are then
applied to the machine by a space vector pulsewidth modulated
inverter. Importantly, integral action is also directly included in
the control laws by using a modified first-order plus integral slid-
ing condition. The integral action eliminates the steady-state error
and provides additional restoring effort in the stator flux and speed
tracking combined with thrust force control. Lyapunov stability
analysis proves the global asymptotic stability of the proposed con-
trol scheme. The effectiveness of the proposed method is validated
by extensive experimentation on a prototype linear machine. Prac-
tical results demonstrate excellent transient and steady-state speed
control performance of the proposed scheme when compared to
the state-of-the-art methods.

Index Terms—Direct thrust force control (DTFC), linear
permanent magnet synchronous motor (linear PMSM), sliding
mode control.

I. INTRODUCTION

IRECT TORQUE CONTROL (DTC) for induction mo-
D tors (IMs) and rotational permanent magnet synchronous
motors (PMSMs) [1]-[4] and direct thrust force control (DTFC)
for linear PMSMs [5]-[9] have become widespread control

Manuscript received December 4, 2017; revised March 2, 2018; accepted
May 3, 2018. Date of publication May 20, 2018; date of current version
February 5, 2019Recommended for publication by Associate Editor J. E. Ojo.
(Corresponding author: Muhammad Ali Masood Cheema.)

M. A. M. Cheema is with the Northern Transformer Corporation, Maple, ON
L6A 4P5, Canada (e-mail: alimasood_rcet] @hotmail.com).

J. E. Fletcher, M. Farshadnia, and M. F. Rahman are with the School
of Electrical and Telecommunication Engineering, University of New South
Wales, Sydney, NSW 2052, Australia (e-mail: john.fletcher@unsw.edu.au;
m.farshadnia@unsw.edu.au; f.rahman@unsw.edu.au).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2839060

, Member, IEEE, John Edward Fletcher
, Member, IEEE, and Muhammad Faz Rahman

, Senior Member, IEEE,
, Fellow, IEEE

schemes due to their simple structure. Fast torque/thrust force
and stator flux responses are the most promising features of
the DTC/DTFC control schemes. In DTC/DTFC, the stator flux
and torque/thrust force are controlled by two hysteresis con-
trollers and, therefore, DTC/DTFC is a variable structure control
scheme in nature. These hysteresis controllers are the simplest
form of scaled relay controller [8], [9] with unity gains and are
robust to parameter variation, which is a key characteristic of
DTC/DTEC.

The main disadvantage of DTC/DTFC, owing to the variable
structure nature of the control scheme, is the presence of ripple in
the stator flux and torque/thrust force beyond acceptable limits
of performance in the case of a low stator inductance [10].

The literature reported in [11]-[14] extends the application
of variable structure control theory to rotational machines based
on the principal of DTC. A variable structure DTC scheme for
an IM capable of providing isolated direct torque or combined
speed and direct torque control depending on the nature of the
particular problem being considered is reported in [11]. How-
ever, this control scheme is susceptible to unavoidable large
torque ripple as demonstrated by the experimental results [11].
In [12]-[14], a variable structure torque control strategy for ro-
tational PMSMs based on vector control (field oriented control)
theory is formulated in the rotor flux vector based dg-reference
frame. However, these control schemes require a separate pro-
portional integral (PI) controller for speed control. The control
schemes of [11]-[14] are based on scaled relay-type hystere-
sis controllers. Therefore, the inverter voltage vector is selected
from a switching table based on the output of these relay con-
trollers and applied to the machine for the duration of the next
sampling period. It is noteworthy that the control schemes of
[11]-[14] are not suitable for the linear PMSMs with low sta-
tor inductance and short pole pitch because of the fact that the
selected inverter voltage vector is applied for whole sampling
period and results in a large steady state ripple in the thrust force
response [10].

Space vector pulsewidth modulation (SV-PWM) is capable of
synthesizing any arbitrary command voltage from the voltage
source inverter (VSI) and can effectively reduce the ripple in the
torque/thrust force. The SV-PWM technique divides one sam-
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pling time into three intervals during which two adjacent active
vectors and a zero-voltage vector are applied to the machine to
generate any arbitrary command voltage. The hysteresis con-
trollers of [12]-[14] for dg axes voltages can only take discrete
values —Vj. or Vg, with V. being the dc-link voltage of the
VSI. It should be noted that a valid dg axes to stationary o3
axes transformation cannot be performed for these voltage val-
ues [15]. Therefore, the control schemes of [12]-[14] cannot
be used in conjunction with the SV-PWM technique to reduce
ripple in torque/thrust force [15]-[17].

A variable-structure-based direct torque control with SV-
PWM is reported in [18] for rotational PMSMs. It demonstrates
the excellent transient torque control with reduced steady-state
ripple. However, a separate PI controller is used for speed con-
trol and consequently speed dynamics are compromised.

The studies in [19]-[22] report a sliding mode controller
for the rotational PMSM which combines the speed and g-axis
current control (based on the vector control principle) in one
controller. It is important to note that the sliding mode control
methods of [19]-[22] do not consider the stator flux and torque
(thrust force in case of linear PMSM) as system state variables,
and therefore, transient response may become slow.

Application of sliding mode control law in conjunction with
SV-PWM to achieve combined speed and direct thrust force
control with reduced force ripple requires the sliding mode con-
trol law to be formulated in terms of the thrust force and mover’s
speed as state variables. There is, so far, no literature regarding
the application of SV-PWM based sliding mode control to the
linear-PMSM (or PMSM) for combined speed and direct thrust
force control (or direct torque control). The key contribution of
this research is to formulate an SV-PWM based sliding mode
control law for combined speed and direct thrust force control
of the linear PMSMs. For this purpose, a nonlinear second-
order state-space model of the linear PMSM in a synchronously
rotating stator flux vector xy-reference frame for combined dy-
namics of speed and thrust force as system states is used to
formulate the sliding mode control law for combined control of
speed and thrust force. The sliding mode control law for stator
flux regulation is formulated based on the first-order linear sta-
tor flux dynamics. Moreover, an integral action is also directly
included in the control laws by using a modified first-order plus
integral sliding condition [23], [24]. The integral action elim-
inates the steady-state error and provides additional restoring
effort in the stator flux and speed tracking combined with di-
rect thrust force control. Experimental results from a prototype
surface-mount linear PMSM demonstrate the improvement in
terms of steady state and transient speed, thrust force, and stator
flux responses of the proposed approach under various operat-
ing conditions when compared to the prior techniques of [25]
and [26].

The dynamic model for the linear PMSM, comprising lin-
ear stator flux dynamics and second-order nonlinear combined
speed and thrust force dynamics, expressed in synchronously ro-
tating stator flux vector reference frame, is detailed in Section II.
Section III provides the brief details of the state-of-the-art tech-
niques of [25] and [26]. The description of the sliding mode
control and its application to the linear PMSM for combined
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speed and direct thrust control is given in Sections IV and V,
respectively. Experimental results and conclusions are provided
in Sections V and VI, respectively.

II. DYNAMIC MODEL OF THE LINEAR PMSM IN THE
SYNCHRONOUSLY ROTATING REFERENCE FRAME

The dynamic model of the surface-mount linear PMSM in
the synchronously rotating stator flux vector based zy-reference
frame can be expressed as [26], [27]

dhs

e = Rty . 1
v i+ — (D

dé
vy = Ryiy + wihs = Ryiy + (P”vm + ) A ()

where v,,vy,1,,1, are the x-axis and y-axis components of
the stator voltage space vector and stator current space vector,
respectively, and Ry is the stator resistance in ohms. A; and
w, are the magnitude and angular speed (synchronous speed) of
the stator flux vector in Wb and elec. rad/s, respectively. ¢ is the
angle between stator flux space vector and mover’s permanent
magnet flux space vector called as load angle is expressed in
elect. rad, and v,, is the mover speed in m/s. P and 7 are the
number of pole pairs and the pole pitch in meters, respectively.
The electromagnetic thrust force 7y of a surface-mount linear
PMSM is given as [22]

Fr = PkpgTiLsxsxf sin § 3)
where Ay is the permanent magnet flux (Wb) and L; is the ma-
chine inductance (H). k¢ is a constant which is used to quantify
the end effects in the linear PMSM. The electromagnetic thrust
force Frp for an interior permanent magnet (IPM) linear PMSM
is given as [23]

3mhg

Fr = Pk
g FarngL,

247 L, sind — A, (Lg — Lg) sin 26] .
(4)

In (4), L; and L, are the d-axis and g-axis inductances (H),
respectively, for the IPM linear PMSM.

A. Stator Flux Dynamics
The dynamics of the stator flux regulation are from (1)

dhs .
prai Uy — Rgiy. (5)

According to (5), the stator flux can be controlled by v, and
the resistive drop Rgi, is assumed as a disturbance.

B. Combined Speed and Thrust Force Nonlinear Dynamics

Equations (3) and (4) can be linearized using Taylor’s series
expansion at load angle dy as [26]-[29]

Fr =K (6 —4d)+ Fy (6)
where K = dFr(0)/dd|s=s,,and Fy = Fr(dp).
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TABLE I
EXPERIMENTAL LINEAR PMSM PROTOTYPE PARAMETERS

Pole Pairs 3

Max. Current (A) 3.27
As PM Flux (mWb) 84.6
Ly (mH) 1.95
R, (ohms) 3.01

T (m) 0.0256
M (kg) 1.25

B (friction constant) 0.14
Rated Cont. Force (N) 52
Max Peak Force (N) 312

In (6), K is a linearization coefficient and is a function of
thrust force Frp [27], [29]. For a linear PMSM, it is evaluated at
0o = 0 leading to Fy = 0 [27]. Itis important to note that (6) is
valid for both surface-mounted and IPM linear PMSMs. In this
paper, for a surface-mount linear PMSM (6) will be achieved
by linearizing (3) using the parameters of the prototype linear
PMSM of Table I. For a surface-mount linear PMSM, the value
of the linearization coefficient K can be expressed in terms of
thrust force Fr as [27]

K (Fr) = Phpo =i |1 - (—2T 2
= FQTLS ref 2 37TPkF)\.rCf)\.f T '
(7

From (7) and parameters of the prototype linear PMSM, as
the thrust force varies from O to the peak value of 312 N, the
variation in magnitude K is less than 1.2% and K remains
almost constant [27]. The stator flux reference A, is selected
according to maximum force per ampere (MFPA) and is given
as [26], [27]

2 7L 2
Aot (Fr) = 4/ A2 = *Fr .
ef( T) f"‘ (37TPI€F T) (8)

For the prototype linear PMSM, as given in Table I, A, is
set to 0.0846 Wb in the prototype system [27]. The mechanical
dynamics of the linear PMSM can be given as [26]

dv,, 1 B 1
W = M T — Mvm - MFL 9

where M is the mover’s mass in Kg, B is the friction constant
in Kg-m/s, and F7, is the load force in V.

The mechanical dynamics of the linear PMSM can be com-
bined with (2), (6), (7), and (9) as detailed in [26] to result in
the nonlinear combined dynamics of speed and thrust force as

X=FX)+G(X)u+D(t) (10)
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where £ = %J( = [;i] = [fi]
) ~K (Fr) K (Fr) P
fi(z1,72) . Fr— o
FO= ] = | 8T
2 1,42 — -
L MFT M'Um
(b (Fr) K (Fr)
G(X) — kref (FT) y U = Uy,
L0 0
[0
D@)=| 1 |Fr
L M

The combined speed and thrust force dynamics for the linear
PMSM expressed in (10) represent a second-order nonlinear
single-input single-output (SISO) system such that the y-axis
voltage v, is the only control input. Therefore, only one state
variable can be tracked. Considering the speed control as the
main control objective, v,, is a natural choice for state tracking.
The dynamic (10) clearly indicates that control of the thrust
force Fp is implicitly combined with that of v,,. It can be
assumed with sufficient rationality that all states can be either
estimated or measured, therefore, v,, can be expressed as the
tracking output y in state-space form as

Fr
y:vm:[OI][ 1:H(X). (10-a)

Um

The schematic illustration of the combined speed and thrust
dynamics according to (10) and (10a) is shown in Fig. 1.

The dynamic model of (10) and (10a) is generally valid for
all types of linear PMSMs in the sense that it is based on the
generalized characteristics of K and A..s and does not restrict
these quantities to be constant. Due to variation or uncertainty
in the machine parameters caused by atmospheric factors or
measurement errors is bounded [30], [31], therefore, estimation
errors A fy and A fo in fy (@1, 22) and fo (21, 9 ) are bounded by
some know functions F} (x1,x2) and Fb(x1,xs), respectively
[30]-33]

Afy < F (21, 22)
Afy < Fy (x1,22).

(1)
(12)

In (10), the control gain b(Fr) of the control input v, has also
known bounds [30]

0< bmin S b(FT) S bnlax- (13)

The estimated value of b(F7) of gain b(Fr) can be expressed
as [30]-[33]

b(FT) - bminbmax~ (14)
The above equation can also be expressed as [30]
_, _ b(Fr)
< < (15)
CShE <

where ¢ =  /Jwex

bm in
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Sliding Mode Control Law v, for Speed Tracking
According to (56)

Sliding Surface s, for Speed
Tracking According to (33)
r—— === 1

N G|
Integral Action Including
Disturbance Rejection (54) and (56)
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Combined Speed and Thrust Force Dynamics for
Linear PMSM According to (10). (10-a) and (28)

\

7 3

Fig. 1.
and the proposed of (10) and (10a).

It is clear that (10) is a second-order nonlinear differential
equation with the mover’s speed v,, and the thrust force Frp
as system states and y-axis voltage v, as the control input. It
is important to note that for constant values of K and X,.f, as
in the case of prototype under study, (10) becomes a second-
order linear differential equation. The differential (10) provides
the basis to formulate the sliding mode control law in terms of
the stator thrust force and mover’s speed as system state and
to achieve combined control of the thrust force and the mover’s
speed, as explained in Section IV. The dynamic model (10) does
notinherit integral action, therefore, to eliminate the steady-state
error, the integral action must be provided by the control law.
The sliding mode control for stator flux regulation is formulated
using (5) such that stator flux A, tracks the reference flux value
Arer as determined by (8) under the MFPA trajectory.

III. STATE-OF-THE-ART SV-PWM BASED DTFC TECHNIQUES

In this paper, two recently proposed SV-PWM based DTFC
schemes [25], [26] for the linear PMSM are benchmarked as
state-of-the-art techniques. In [25], a PI controller based DTFC
scheme incorporating SV-PWM is detailed. The research in [26]
proposes a linear quadratic regulator (LQR) based combined
speed and direct thrust force control scheme utilizing SV-PWM
for a linear PMSM. These states-of-the-art techniques will be
described briefly in the following.

A. PI-Based DTFC

An SV-PWM based DTFC scheme for the linear PMSM [25]
(referred to as “PI-DTFC”) is based on the concept of decoupled
control of the thrust force and the stator flux. In this scheme, the
stator flux and thrust force are controlled by two PI controllers
and the speed is regulated by a third PI controller.

B. LOR-Based Combined Speed and DTFC

In [26], an SV-PWM based optimal control scheme (referred
to as optimal DTFC), for combined speed and direct thrust force

Schematics describing the sliding mode control with first-order plus integral sliding condition for nonlinear combined speed and thrust force dynamics

control of PMSM is proposed. A multiple-input multiple-output
state-space model having stator flux, thrust force and mover’s
speed as states is formulated for the linear PMSM. This model
is then used to formulate an optimal linear state feedback law
for combined speed and direct thrust force control based on the
LQR approach. The linear state feedback law to generate control
voltages v, and vy is [26]

- . .
Uy k, 0 0 —kj 0 Fr
= - Um (16)
Uy 0 kF kq; 0 _kiv 5
[ & ]

where & = f()\ref - )\s)dtva = f(vref - ”m)dt , and vper 18
the reference speed. In (16), k;, k;;, kp, k,, and k;, are the
controller gains and determined using LQR-based approach, as
detailed in [26].

IV. SLIDING MODE CONTROL

Sliding mode control is a nonlinear control architecture that
can tolerate parameter variation and imprecision in the plant
model [8], [9]. Slotine [31]-[33] further advanced the concept
of sliding mode control by formulation of the tracking control
of the general SISO nonlinear system described as

a7
(18)

g'ci:xi+1,i:17...,n—1andx1:x
in = f(X3t) + g(X5t)u+d ()

where X = [z, @,..., 2" ~ 1] is the state vector.

In (18), u is the control input. The function f(X; t) (generally
nonlinear) is not exactly known, however, the imperfection A f
in the estimated value f (X;t) is bounded by a known continu-
ous function Fy(X;¢). Similarly, the control gain g(X; ¢) is not
precisely known but is of constant sign and the imperfection Ag
in estimated value §(X;t) is bounded by a continuous function
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Gy (X;t) and the disturbance d(t) is also bounded. The con-
trol problem is that the state vector X should track the reference
state vector X, with satisfactory tracking precision. The desired
state vector X is given as

— 11T
sy

Xd = [md, i‘d,... (19)

The tracking error vector between the desired state vector X,
and the actual state vector X is X and is

X:Xy-X=[&..., & . (20)

The time varying sliding surface to achieve the tracking is
formulated in terms of the tracking error £ and is given as
[311-(33]

d n—1
se (X5t) = ( —i—k) Zdt

dt @D

where n is the order of the system and A is a positive constant.
A first-order system has n = 1.
The control law w to achieve the tracking is given as [8]

U = Ueq (X51) + posgn (s.) . (22)

In (22), the concept of equivalent control wu.q(X;t) is also
attributed to Utkin [9]-[15]. ueq (X ;) is a state feedback law
which computed by solving § = 0 for u and assuming A f and
Ag to be zero. py is a constant gain and sgn is the signum
function defined as [9], [31]-[33]

1
e - {

1 if s. <0.

if s, >0
(23)

According to Slotine, u is selected to satisfy the n-reachability
condition (so-called sliding condition) given as [8], [31]-[33]
1d ,
——s. (Xs5t) < (X5t
S 25 (X3) < nlse (X30)
where 7 is a positive constant.
An integral sliding surface formulated in terms of the integral
of the tracking error is [21], [33]

(24)

n
se (X5t) = (d + k) [ zdt. (25)
dt

Itis important to note that (25) does not add the integral action
directly in the equivalent control law u.q (X; t). However, it can
be observed from (22) that the sliding surface s. containing the
integral term appears inside the discontinuous sgn(-) function
in the control law and, therefore, continuous pure integrator
action is not available directly which leads to a steady-state
error. Special steps are required to include a pure integrator
action in the equivalent control law u.,(X;t) to ensure a zero
steady-state error.

A. Sliding Mode Control With Augmented Integral Action

The dynamic system of (17) and (18) can be further general-
ized by considering the fact that all the state derivatives can be
expressed as nonlinear functions of two or more states instead

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 3, MARCH 2019

of only one state, therefore, (17) and (18) become

z;=fi(X5t),i=1,...n—1 (26)
The compact form of (26) and (27) is given as
X =F(X)+G(X)u+D(t) (28)
where
[ fi(X50) 0
Xt 0
F(X) = f2 (X8) LG (X) = ,and
fn (X51) 9(X;1)
[0
0
D(t) =
L d(t)

It is important to note that (28) can be validly used to describe
the dynamic model given in (10) of the prototype linear PMSM.
The sliding manifold s.(X;t) for the dynamics of (28) is a
function of the tracking error and is given by (21).

In order to modify the n-reachability condition so that the
pure integral action can be augmented in the control law, the
following Lyapunov candidate function is defined [23], [24]:

, 1 ! ’
s2+ —w? </ scdt> .
SRS

By applying the Lyapunov stability criterion for stability V<
0, the sliding condition is obtained as

t
Se. <éc +w§/ scdt> <0.
0

In other words $. + w? fof sedt > 0, when s. < 0 and §. +
W2 [} s.dt < 0, when s, > 0
Now the modified #n-reachability condition can be

expressed as
t
Se (éc —&—wi/ scdt> <nlsc|.
0

The equivalent control law weq(X;t) is now evaluated by

1
V=3 (29)

(30)

3D

solving §. + w? fg s.dt =0 for the control input u [24]. In
(29), w,, is called as the equivalent spring constant [24], the
integral of the sliding surface s, in (29) provides an additional
restoring effort and the dynamic behavior of the effect of the
integral action can be tuned by w,,. It is important to note that
the modified n-reachability condition adds an integral action
directly into the equivalent control law e (X; ). The damping
of the system response is controlled by 7 and a higher value of
7 results in less oscillation in the system response, whereas a
low value of 7 causes a lightly damped oscillation in the system
response such that the frequency of the oscillation is determined
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by w,, [23], [24]. A detailed tuning mechanism for 1 and w,, is
reported in [24].

V. PROPOSED COMBINED SPEED AND DIRECT THRUST FORCE
CONTROL OF THE LINEAR PMSM BASED ON INTEGRAL
SLIDING MODE CONTROL

A. Sliding Surface for the Stator Flux Regulation

The sliding surface s; for the stator flux regulation dynamics

of (5) can be given from (21) forn = 1 as
(32)

S) — €x

where e, = Aot — s is the flux tracking error.

B. Sliding Surface for Speed Regulation

The sliding surface s, for the combined speed and thrust
force dynamics of (10) is computed from (21) for n = 2 as

_ de,,, (t)

+ )"1617", (t) (33)

where e, = Vet — Uy, 1S the speed tracking error, vy is the
reference speed, and A; is a strictly positive constant.

C. Control Law for Stator Flux Regulation

Differentiating (32)

83 = (et — As) . (34)
Since, )'\.l-gf = 0, and from (5), (34) becomes

5, = Rsiy — vy (35)

The control law for the stator flux to ensure the condition
. +wl f) sudt = 0is

vy = v, — msgn (sy) (36)
where 7; is a positive constant, and
t
vf = —Ryi, —w? / s, dt. (37)
0

The control law (36) satisfies the sliding condition for global
stability [24]

t
Si (é,\ + w%/ s,\dt> < lsl- (38)
0
D. Control Law for Combined Speed and Thrust Force
Regulation
Taking the time derivative of (33)
tév = (’Uref - ’Um) + )"2 (’[)ref - Um) . (39)
The value of v,, can be obtained from (9) as
. 1 . B . 1 .
Um = MFT - Mvm - MFL (40)

In general, the load force FJ, is constant during steady state
and does not change abruptly, therefore, £, = 0, [34], [35], (40)
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becomes

. 1 . B .
Um — MFT — M’Um. (41)

Substituting the value of Fp and 9, from (10) into (41)

1 -K T K
.m - > Fr—KP— m T Uy
! M <§)\-ref ’ TU * )\ref ,UJ>

B 1 B 1
— Ir 7F - T sYm — 7F .
M (M M T M L)
The reference speed v is a constant during steady state and,
therefore

(42)

'Uref = '[Jref =0. (43)

Substituting (43) and the value of ¥,,, and v,, from (9) and
(42), respectively, into (39) and rearranging

Sy = aFp + oy + pFp — v, (44)

B )\2)
)

_(_K Bl — ™ B2
o= (Mg,\m» MT M B=(KPy + 3= +
e

B A B
haar)s = (3 = ), and y = 55—
The equivalent control law v, to achieve the condition s, +

w3 fot spdt = 0 is defined from [24]

where,

1 t .
U; = ; (aFT + Bom, +w§/ Spdt Jr,uFL) . (45)
0

Since the load force £, is usually an unknown quantity, there-
fore, in (45), the estimated value of load force F7, is used.

In order to achieve the sliding mode condition, the discontin-
uous control sgn (s, ) is included in the equivalent control law
of (45) as [24], [31]-[33]

vy = v, + %sgn (sv) (46)
where v and 7, are the strictly positive constants.

In order to rationalize and establish the stability of the con-

troller of (46), the following Lyapunov candidate function [24],
[31] is defined:

2

1% 12+12/t dt) + P (47)
= — — W N —_—
281) 2 2 0 Sv 271 L
where F; = F; — Fy, v > 0, and differentiating (47)
. 4 1 2 =
V =s, <s + w3 / s,l,dt> —_— (48)
0 "
Substituting (44) into (48)
. ¢
V=s, (aFT + ﬁvm + /’LFL — Yy + W% fS’Udt>
0
1 ~ =
— —F. . (49)
!
Substituting (45) and (46) into (49), and simplifying
. ~ 1 ~ =
V=3, (77]ngn(51;)+ﬂFL) *iFLFL- (50)
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Since, s, X sgn (s,) = |s,|, therefore, (50) becomes

. ~ 1 =
V= <772 |57)| +FL (,usv - _FL>> .
!

To ensure the global stability of the controller, V< (Osuggests
the following expression to estimate the load force FT :

D

t
Fr = ’Ylﬂ/ sy dt. (52)
0
Hence, (51) reduces to
V= —ns,] <0. (53)

Since, 772 is a positive constant, therefore, Vis strictly negative
when the load force is estimated using (52). Now the substitution
of (52) into (51) results

1 t t
v;:; aFp 4Py, +w§/0 s,l,dt+’)/1,u2/0 sydt | . (54)

disturbance
rejection

In (54), wy determines the natural frequency of the damped
oscillations in the speed response and can be used to tune the
integral action [24]. It is important to note that the underlined
term in (54) is the estimated load force according to (52) and
acts as disturbance rejection which cancels out the effect of load
disturbance in dynamic model given by (10). The two integral
terms in (54) can be combined into a single term that provides
the integral action as wells as disturbance rejection at the same
time, rearranging terms in (54) results
t

1 t
U; = ; (CUFT + ﬁvm + (wg +’Yl/i2) / Svdt> . (55)

0

From (46) and (55), the control law v, is expressed as

1 t
Uy:; (OZFT +ﬂ'Um + (w§+’ylﬂ2) / Svdt+7725gn (SU)>'
0
(56)

E. Chattering Reduction

It is important to note that “sgn” function in the control laws
of (36) and (46) introduces the chattering, which can be reduced
by introducing a boundary layer of thickness € around the sliding
manifold s.(z;t) = 0. This is achieved by replacing the “sgn”
function with “sat” function defined as [31]-[33]

1 if s, >¢

sat(s)) = 2 if [s.| <e 57)
13
-1 ifs. < —¢.

VI. EXPERIMENTAL RESULTS

The proposed sliding mode control scheme for com-
bined speed and DTFC (referred to as SM-DTFC) has been
practically validated on the prototype surface-mount linear
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Braking Resistor

Fig. 2. Experimental setup showing the prototype linear PMSM, voltage
source inverter, and the control circuitry.

PMSM control system. The main hardware components of the
experimental setup are illustrated in Fig. 2. The parameters
of the surface-mount linear PMSM are provided in Table I.
Experimental results indicate the improved performance of the
SM-DTFC method in terms of steady-state error and transient
response of the stator flux, thrust force and speed when
compared with the prior PI-DTFC [25] and optimal DTFC [26]
methods.

The proposed SM-DTFC is digitally implemented accord-
ing to the block diagram of Fig. 3 using a dSPACE DS-1104
controller. The sample time is chosen to be 200 ps. Moreover,
PI-DTFC and Optimal-DTFC are also implemented digitally
with the same sample time as detailed in [25] and [26]. The
integrators used in both the Optimal-DTFC and PI-DTFC have
an antiwindup scheme with the antiwindup gains for all the
integrators set at unity. The controller gains for PI-DTFC and
Optimal-DTFC are same as detailed in [26].

A. Startup Response

The startup speed responses of the surface-mount linear
PMSM under the PI-DTFC, Optimal-DTFC, and the SM-DTFC
are compared. The speed, flux, thrust force, and stator currents
for the Optimal-DTFC and the SM-DTFC during the startup
transient are shown in Fig. 4(a)—(c) respectively.

Itis clear from Fig. 4(a) that during the startup transient under
PI-DTEC, the speed response exhibits a speed dip immediately
after reaching the speed reference of 200 mm/s. However, under
SM-DTEFC, the speed dip is noticeably reduced.

Fig. 4 clearly shows that the thrust force under SM-DTFC
settles to steady-state faster compared to PI-DTFC and Optimal-
DTFC. The magnified views of the startup speed response for
both PI-DTFC and the SM-DTFC are shown in Fig. 5(a) and
(b), respectively. It is clear from Fig. 5(a) and (c) that the speed
response under the SM-DTFC is 15% faster compared to that
of PI-DTFC. It is also observed from Fig. 5(b) and (c) that
SM-DTEFC has also a faster transient response compared to the
Optimal-DTFC.

In addition, for quantitative analysis, the integral of abso-
lute error (IAE) indices for the speed error plots for PI-DTFC,
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Fig. 3.

Fig. 4.

Fig. 5.
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Proposed sliding mode based combined speed and thrust control of linear PMSM (SM-DTFC), the integral action is added by modification of the
reachability condition.

PI-DTFC Optimal DTFC SM-DTFC
i 300 Reference I~ 300 Reference I~ 300 Reference
£ 200 E 200 — T 200 —
E 100 E 100 E 100
T 0 T o T o
% -100 Measured & 100 Measured & 100 Measured
0.95 1 1.05 1.1 1.15 1.2 0.95 1 1.05 1.1 1.15 1.2 0.95 1 1.05 1.1 1.15 1.2
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= o0 = 0 = 0
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= 0.084 = 0.0845 = 0.0845 i
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0.084 0.084 0.084
0.95 1 1.05 1.1 115 1.2 0.95 1 1.05 11 1.15 1.2 0.95 1 1.05 1.1 115 1.2
3.5 I (Green) 3.5 1 (Bl 3.5
@ s /c 2 s p Blue) I (Red) g s I, (Red) I, (Blue)
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3 N o 1, (Green) &) \I (Green)
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Startup performance from 0 to 200 mm/s. Speed, thrust force, stator flux, and stator phase currents responses are shown from top to bottom, respectively.
(a) For PI-DTFC. (b) For Optimal-DTFC. (c¢) For SM-DTFC (experiment).

PI-DTFC Optimal DTFC SM-DTFC
300 300 300
g 200 £ 200 2 200 -
E 100 E 100 E 100 i
=] = =] 1
i 0 i 0 2 0 i 30ms |
@100 @' -100 @ -100 —>
095 0975 1 1.025 1.05 095 0975 1  1.025 1.05 095 0975 1 1.025 1.05
Time (s) Time (s) Time (s)
@ ®) ©

Magnified view of the speed response during startup. (a) PI-DTFEC. (b) Optimal-DTFC. (¢) SM-DTFC (experiment).
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TABLE II
COMPARISON OF TRANSIENT PERFORMANCE OF PI-DTFC,
OPTIMAL-DTFC, AND THE SM-DTFC USING IAE INDEX
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TABLE III
COMPARISON OF STEADY-STATE PERFORMANCE OF PI-DTFC,
OPTIMAL-DTFC, AND SM-DTFC

Type of transient IAE Index for Speed error

phenomena

PI.DTFC _ Optimal-DTFC __ SM-DTFC
Start-up

(016 200ms) 23721 19619 18975

Speed reversal 210430 189370 188775

(-600 to 600 mm/s)

Optimal-DTFC, and SM-DTFC during the startup are com-
puted, as shown in Table II. The IAE index for the speed error
plot under the SM-DTFC is reduced by 20% compared to that
of the PI-DTFC.

It is observed from Table II that the IAE index of SM-DTFC
is also reduced compared to the Optimal-DTFC.

The magnified views of the thrust force response dur-
ing startup for the PI-DTFC, Optimal-DTFC, and SM-DTFC
are shown in Fig. 6. It is evident from Figs. 5 and 6 that when the
speed command steps from 0 to 200 mm/s at 0.975 s, the corre-
sponding thrust force under the SM-DTFC reaches a peak value
of 160 N, whereas the thrust force under the PI-DTFC peaks at
139 N, the additional force produced results in the faster speed
response for the SM-DTFC. Moreover, it is also evident from
Fig. 6 that the thrust force under the SM-DTFC settles to steady
state 4.4 ms faster than that of PI-DTFC. It can be concluded
from these experimental results that the combined control of the
speed and thrust force achieved under the SM-DTFC can deliver
faster speed response during startup compared to the PI-DTFC.
Similar conclusions can be drawn from the comparison of Fig. 6
for Optimal-DTFC and SM-DTFC, respectively.

The stator flux responses for the PI-DTFC, Optimal-DTFC,
and SM-DTFC are shown in Fig. 4(a)—(c), respectively. It is
clear from Fig. 4 that under SM-DTFC, the average steady-state
ripple in the stator flux response after settling to steady state is
minimum compared to the PI-DTFC and Optimal-DTFC.

B. Speed Reversal and Steady-State Response

The speed reversal and steady-state performance of the linear
PMSM under the PI-DTFC, Optimal-DTFC, and SM-DTFC are
compared. The speed, stator flux, thrust force, and stator currents
for the PI-DTFC, Optimal-DTFC, and the SM-DTFC during
the speed reversal transient from —600 mm/s to 600 mm/s and
steady state at 600 mm/s are shown in Fig. 7(a)—(c), respectively.
Fig. 7(a) illustrates that the oscillation in speed response after
the speed is reversed from —600 mm/s and reaches 600 mm/s
is reduced under the SM-DTFC compared to PI-DTFC. It is
observed from Fig. 7(b) and (c) that the overshoot in the speed
response after the speed is reversed from —600 mm/s and reaches
600 mm/s is reduced under SM-DTFC compared to Optimal
DTFC. Moreover, a reduction in thrust force oscillations un-
der SM-DTFC compared to PI-DTFC and Optimal-DTFC can
also be observed from Fig. 7(a)—(c) when the speed settles at
600 mm/s.

600 mmy/s,

N PI.DTFC  Optimal-DTFC  SM-DTFC
Ain (%) 0.34 0.21 0.19
Frip (%) 10.48 583 5.79
Voin (%) 1.92 .11 1.08

The magnified views of the speed response of the linear
PMSM under the PI-DTFC, Optimal-DTFC, and SM-DTFC
during the speed reversal transient are compared in Fig. 8. It is
evident from Fig. 8 that the speed response under SM-DTFC
is 10% faster when compared to that of PI-DTFC. However, in
comparison to Optimal-DTFC, the speed response of SM-DTFC
during speed reversal is slightly faster.

It can be observed from Table II that the IAE index for the
speed error during speed reversal is in smallest for SM-DTFC
compared to PI-DTFC and Optimal-DTFC, which validates the
effectiveness of the proposed SM-DTFC.

The steady-state performance of the prototype linear PMSM
at 600 mm/s from 0.95 to 1.15 s under the PI-DTFC, Optimal-
DTFC, and SM-DTEC is also compared. In order to illustrate
the comparison of steady-state performances of the two con-
trol schemes, the magnified view of the speed response, flux
response, and thrust force response, for PI-DTFC, Optimal-
DTFC, and SM-DTFC during the steady state are shown in are
shown in Fig. 9(a)—(c), respectively.

Fig. 9 demonstrates that under SM-DTFC, the steady-state
low frequency oscillations in speed, thrust force, and stator flux
have significantly reduced compared to PI-DTFC and Optimal-
DTFC.

The steady-state speed response under PI-DTFC exhibits low-
frequency oscillations due to complex friction dynamics of the
linear PMSM. These steady-speed oscillations under PI-DTFC
also cause oscillations in the force response. The oscillations
are not as significant with Optimal-DTFC and SM-DTFC. The
quantitative results for steady-state performance of PI-DTFC,
Optimal-DTFC, and the SM-DTFC at 600 mm/s and 52 N (av-
erage force) in terms of percent flux ripple Asp (%), percent
force ripple Fyi, (%), and percent speed ripple vy, (%) are sum-
marized in Table IIL. In this analysis, A.p (%), Fiip (%), and
Uyip (%) are given by the following equations:

VAN e =)

Arip (%) = — x 100 (58)
~ Z\i (FT (Z) - Fav)2
Fip (%) = \/N = = x 100 (59)
av
‘L ZA; (Um (74) - Ua'n)Q
Vip (%) = \/N =l - %100 (60)

where A,y, Fiy,and v,, represent the average steady-state flux,
thrust force, and mover’s speed, respectively, and A4 (¢), Fr (4),
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Fig. 6. Magnified thrust force response during startup. (a) PI-DTFC. (b) Optimal-DTFC. (¢) SM-DTFC (experiment).
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Fig. 7. Speed reversal from —600 to 600 mm/s and steady-state response at 600 mm/s. Speed, force, flux, and stator phase a current responses are shown. (a) For
PI-DTEC. (b) For optimal-DTFC. (c) SM-DTFC (experiment).
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Fig. 8. Magnified view of the speed reversal transient. (a) PI-DTFC. (b) Optimal-DTFC. (¢) SM-DTFC (experiment).
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Fig. 9.
(experiment).

TABLE IV
COMPARISON OF RISE TIME OF PI-DTFC, OPTIMAL-DTFC, AND
SM-DTFC WITH VARIATION IN R

Steady-state performance at 600 mm/s. Speed, thrust force, and stator flux responses are shown. (a) PI-DTFC. (b) Optimal-DTFC. (b) SM-DTFC

TABLE V
COMPARISON OF RISE TIME OF PI-DTFC, OPTIMAL-DTFC, AND SM-DTFC
WITH VARIATION IN L

Type of Rise Time (s)

, }tlr:;losrlggltl . Parameter Value PL.DTFC O]gt}r;lgl DS%\% -
Start up R, (Nominal) 352 31.0 30.0
0to0 200 0.66 Ry 38 332 31.1

mm/s 0.5 R, 41 354 337
Start up R; (Nominal) 66.8 61.0 59.9
-600 to 0.66 Ry 69.1 65.8 63.9
600 mm/s 0.5 R, 72.6 70.0 67.3

and v, (7) are the instantaneous values of flux, thrust force, and
mover’s speed. N is the number of samples.

It can be observed from Table III that the SM-DTFC reduces
the percentage ripple in steady-state speed, stator flux, and thrust
force response compared to PI-DTFC, which validates the su-
perior steady-state performance of the proposed SM-DTFC.

C. Evaluation of Robustness to the Parameter Variation

The performance of the proposed SM-DTFC subject to vari-
ations in stator resistance R and inductance L is experimen-
tally evaluated and compared to that of PI-DTFC and Optimal-
DTFC. Experimental results summarizing the comparison of
the performance for these control schemes subject to parame-
ter variation under various operating conditions are provided in
Tables IV-VI. The effect of increase in the stator resistance
on the rise time of speed response during startup and speed

; ) Rise Time (s)
B P Gy
DTFC  DTFC  DTFC

Ls 352 31.0 30.0

Start up (Nominal)
0 to 200 mm/s 0.66 L, 405 347 327
051, 441 37.9 353
Ls 66.8 61.0 59.9

Start up (Nominal)
2600 to 600 mm/s 0.66 L, 737 70.1 67.6
051, 824 792 73.0

reversal transient for the three control schemes is compared in
Table IV. In order to simulate experimentally the effect of 50%
and 100% increase in the stator resistance, the controller gains
for PI-DTFC, Optimal-DTC, and the proposed SM-DTFC were
tuned using the reduced values of 0.66 R, and 0.5 R, respec-
tively for the stator resistance instead of the nominal value of
R. Anidentical approach is adopted to experimentally evaluate
the effect 50% and 100% increase in the stator inductance L
on the rise time of speed response for the three control schemes
during startup and speed reversals and results are detailed in
Table V.

It can be observed from Table IV that the rise time of the
speed response during startup and speed reversal increases for
PI-DTFC, Optimal-DTFC, and the proposed SM-DTFC when
the gains for these control schemes are tuned using reduced
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TABLE VI
COMPARISON OF STEADY-STATE PERFORMANCE OF PI-DTFC,
OPTIMAL-DTFC, AND SM-DTFC WITH VARIATION IN L4

600 mm/s, Rise T'ime (s)

59N Parameter Value PI- Optimal- SM-
DTFC DTFC DTFC

Ly (Nominal) 10.48 5.83 5.79

Fryp (%) 1.5Lg 12.3 6.01 5.85

2L 14.8 6.62 5.98

Ls (Nominal) 1.92 1.11 1.08

Veip (%0) 1.5 Lg 2.17 1.23 1.10

2L 2.41 1.59 1.17

values of stator resistance compared to the nominal value.
However, Table IV demonstrates that the proposed SM-DTFC
has the smallest variation in the rise time of speed response
during both the startup and reversal operations compared to the
other two control schemes. Therefore, a superior robustness per-
formance of SM-DTFC under variation in the stator resistance is
evident when compared to that of PI-DTFC and Optimal DTFC.
Itis also clear from Table V that the SM-DTFC shows a superior
robustness considering smaller variation in the rise time of the
speed response compared to the other two benchmarked con-
trol schemes during startup and reversal when an increase of
50% and 100% in the stator inductance L is experimentally
simulated.

The effect of variation in inductance on the steady-state speed
and thrust for response is also evaluated experimentally for the
three control schemes and compared in Table VI. When the
controller gains were tuned using a higher value of stator in-
ductance, i.e., 1.5 L, and 2 L, the steady-state ripple in speed
and thrust force response increased significantly for PI-DTFC
and Optimal-DTFC. However, the proposed SM-DTFC demon-
strates a minimal deterioration of the steady-state speed and
thrust force response in terms of percent ripple when compared
to the benchmarks. Therefore, it can be concluded from the ex-
perimental results of Tables IV-VI that the proposed SM-DTFC
shows the improved robustness under parameter variation when
compared to PI-DTFC and Optimal DTFC.

VII. CONCLUSION

A combined speed and direct thrust force control scheme is
proposed based on sliding mode control utilizing space vector
modulation for the linear PMSM. In order to eliminate the aver-
age steady-state tracking error, pure integral action is augmented
directly into the control laws by using a modified reachability
condition.

The combined dynamic of the mover’s speed and thrust force
are expressed by a second-order nonlinear SISO system consid-
ering the speed and thrust force as states. The sliding surface
is formulated in terms of the tracking error in the speed. The
formulation of the sliding mode control is performed using a
modified reachability condition which allows direct inclusion
of pure integral action in the control law to ensure zero av-
erage steady-state tracking error in thrust force. A similar ap-
proach is utilized to formulate the sliding mode control law to
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achieve the tracking of the stator flux under the MFPA trajectory.
Experimental results clearly indicate that the proposed SM-
DTFC scheme exhibits excellent control of flux and thrust force
with faster transient response, reduced steady-state oscillations
and improved robustness to parameter variation when compared
to the state-of-the-art PI-DTFC and Optimal-DTFC.
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