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ABSTRACT The variable-flux memory machine (VFMM) exhibits high efficiency over a wide speed range
because its airgap magnetic flux can easily be regulated by varying the magnetization state (MS) of the
employed low coercivity force permanent magnets. This paper proposes a second-order sliding mode (SM)-
based direct torque control (DTC) strategy for the VFMM, which features a relatively low computational
complexity and less dependence on machine parameters. The operating principle and mathematical model
of the VFMM are first described and established. On this basis, a novel control scheme combining the DTC
strategy with MS manipulation is proposed, in which the machine is controlled by utilizing the DTC strategy
incorporating the iy = 0 condition, while the MS manipulation is implemented by energizing reference
stator flux linkage pulses. A super-twisting second-order SM controller is subsequently developed to achieve
strong robustness. The developed control structure avoids a complicated decoupling algorithm and is simpler
than that of the conventional field-oriented control (FOC) method. Finally, the effectiveness of the proposed
control scheme is validated by simulation and experimental results.

INDEX TERMS Direct torque control, magnetization state, strong robustness, super-twisting sliding mode

control, variable-flux memory machine.

I. INTRODUCTION

The permanent magnet (PM) synchronous machine (PMSM)
has been widely used for various applications due to its
inherent merits such as an unsurpassed efficiency and power
density [1], [2]. It is becoming increasingly more attrac-
tive for traction applications especially for electric vehicles
(EVs) [3], [4], in which an extended constant power speed
range (CPSR) is significantly desired for cruising opera-
tion [5]. To achieve this aim, the conventional flux-weakening
(FW) method is traditionally employed by utilizing a negative
d-axis current to counteract the PM flux linkage [6]. However,
the continuous FW current results in additional energy losses
and efficiency reductions. Recently, a variable-flux memory
machine (VFMM) employing low coercive force (LCF) PMs
has gradually become a competent candidate to realize conve-
nient flux regulation by applying a temporary demagnetizing
or magnetizing current pulse [7], [8].
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VFMMs can be classified into AC and DC types according
to their magnetizing current pattern [9]. The PMs of the
AC-type VFMMs are normally on the rotor, while those of
the DC-type are on the stator. Compared with traditional
PM machines, VFMMs can be more flexibly controlled due
to their variable PM flux. However, more challenges are
also introduced at the same time. Some control methods for
VFMMs have been comprehensively investigated in recent
years. An on-line magnetization method for a fractional-
slot concentrated-winding memory machine was proposed
in [11], while an observer-based current decoupling method
was proposed in [12] to achieve a smooth torque during the
magnetizing manipulation process under loaded conditions.
In [13], a hysteresis PI-based algorithm that achieves an
improved efficiency and a reduced loss compared to the fixed
magnetization state (MS) control was introduced to select
the optimal MS during a driving cycle. A straight-line sta-
tionary frame flux linkage trajectory (SLA’T') was introduced
for higher speed capability and evaluated along with the
d-axis pulse and the synchronous frame voltage cancellation
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trajectory [14]. A closed-loop MS control method, which
adopts the dead-beat direct torque flux control (DB-DTFC)
at low speeds and the modified SLAST at high speeds, was
presented in [15]. In addition, the driving cycle loss reduction
capability and the thermal impact were also evaluated based
on the nonlinear model by using a structured neural network
(SNN). The magnet temperature effects on the maximum
torque property and magnetizing manipulation were evalu-
ated, and a closed-loop method for mitigation was proposed
in [16]. It was shown that the vector control was effective for
the characterization of a variable flux machine [17]. A modi-
fied adaptive nonlinear filter (MANF) was utilized to instan-
taneously estimate the flux linkage from the major induced
electromotive force (EMF) harmonic components instead of
the conventional fundamental component in [18]. A control
scheme employing an artificial neural network (ANN) with
the maximum torque per ampere (MTPA) was proposed for
loss reduction in [19], in which the MS switch signals were
generated by calculating the DC-link voltage margin ratio.
The ANN exhibited an excellent capability in reducing the
inductance nonlinearity effect under different MSs. A control
strategy for a doubly salient memory machine (DSMM) was
presented in [20]. Furthermore, a dual-mode operation, i.e.,
doubly salient PM (DSPM) mode or switched reluctance
mode, was implemented in [21]. A pole-changing function
was realized by employing a set of separate magnetizing
windings in [22]. A multimode design methodology of a
flux-controllable stator-PM memory motor (FC-SPMMM)
under the multiple operation conditions in vehicle driving
cycles was proposed in [23]. A stepwise magnetization con-
trol strategy and the influences of the design parameters
on the demagnetization behavior for a switched flux mem-
ory machine (SFMM) were reported in [9-10]. A speed-
region-based FW control combined with an MS manipulation
method for a hybrid PM axial field flux-switching memory
machine was presented, and an adaptive observer was utilized
to mitigate the flux linkage estimation error in [24].

Based on the abovementioned research, various control
strategies and parameter estimation methods for different
VFMMs have been well studied. However, most of them are
based on the FOC theory, which has the drawbacks of a rel-
atively sophisticated decoupling algorithm and a high depen-
dence on the machine and controller parameters. Therefore,
itis necessary to develop a novel control scheme with a simple
structure and less sensitivity to the machine parameters while
maintaining a wide CPSR, which is the main purpose of this
paper.

Some studies have shown that excellent dynamic perfor-
mance can be achieved by utilizing a torque and flux regulator
without rotor flux orientation and a high dependence on the
machine parameters [25], [26]. A direct torque control (DTC)
with MTPA strategy for a PMSM under an M-T frame
requiring only three parameters of the controlled machine
was investigated in [27], [28]. In [29], [30], the DTC-based
FW control performance of a PMSM was examined, and
the proposed control method was proven to be insensitive to
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parameter variation, simple and stable. However, some dis-
turbances still exist in the DTC system, e.g., the temperature
dependence of the stator resistance and the observation error.
To obtain the torque performance with a strong robustness,
the variable structure (VS) or sliding mode control (SMC)
strategy is a preferred scheme. A nonlinear sliding mode
control method was proposed for torque and flux ripple mini-
mizations while preserving the fast responses and robustness
merits in [31]. An SMC incorporating the MTPA trajectory
scheme was investigated in [32], and an SMC observer for
accurate flux estimation at very low speeds was presented
in [33]. It is indicated that the SMC is suitable for nonlin-
ear systems due to its outstanding characteristics of simple
implementation, strong robustness and rapid response [34].
This paper proposes a second-order sliding mode (SM)-
based DTC strategy for VFMM to achieve a wide speed
range, high efficiency, and strong robustness performance.
The operation principle and mathematical model of a VFMM
with hybrid magnetic circuits are first introduced and estab-
lished. A novel control scheme combining DTC with MS
manipulation is proposed to extend the CPSR of the machine.
In the proposed scheme, a method of DTC incorporating
the iqg = 0 condition is utilized under normal operation, and
DTC-based flux-weakening or flux-strengthen (FS) tempo-
rary pulses are energized in MS manipulations. In addi-
tion, a super-twisting SM controller is developed to reduce
the influence of system parameter variations. The proposed
control scheme avoids continuous magnetizing currents, and
the complicated decoupling algorithm with a simplified
control structure exhibits independence from the machine’s
inductance and is less sensitive to load fluctuations.

II. VARIABLE-FLUX MEMORY MACHINE

A. MACHINE TOPOLOGY

The studied VFMM is simultaneously equipped with a high
coercive force (HCF) PM NdFeB and an LCF PM AlNiCo.
The magnetic properties of the two kinds of PMs are shown
in Fig. 1. It can be seen that the hysteresis model of AINiCo
can be approximately characterized by a parallelogram curve,
while that of NdFeB can be characterized by a straight line.
The MS of AINiCo can be varied and memorized along the
loops of the hysteresis curve and recoil lines by applying
a demagnetizing or magnetizing current pulse. The curves
of the initial magnetization, major loop and one of the MS
manipulation loops are also shown in the figure.

FIGURE 1. Magnetic properties of the NdFeB and AINiCo PMs.
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The cross-section and configuration of the VFMM are
illustrated in Fig. 2. The machine features an interior
PM (IPM) structure with hybrid PMs, i.e., NdFeB and
AINiCo. The two kinds of PMs are in parallel on the mag-
netic circuit. The LCF PMs can be either demagnetized or
magnetized by applying a negative or positive current pulse
to achieve flexible flux regulation. Therefore, the NdFeB PMs
act as the constant dominant portion, while the AINiCo PMs
act as the variable adjustment portion of the magnetic flux.

FIGURE 2. The proposed VFMM. (a) Cross section. (b) Configuration.

B. OPERATING PRINCIPLE

The MS of the LCF PMs is an additional control degree-
of-freedom for the VFMM compared with the conventional
IPM. The MS manipulation principle of the VFMM is shown
in Fig. 3. During normal operation periods, the machine
adopts a control method of DTC incorporating the ig = 0
condition to avoid unexpected MS changes. A reference flux
pulse is applied to engender a transient ig current pulse.
Consequently, the MS of the LCF PMs is reasonably changed
to provide a desired speed and torque.

Demagnetization Magnetization

A Manipulation Manipulation
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FIGURE 3. The MS manipulation principle of the VFMM.

As illustrated in Fig. 3, the machine starts up with a high
MS, and the induced EMF increases with speed. When the
terminal voltage of the machine under a high-speed light-
load state reaches the DC-link voltage limit, a demagnetizing
manipulation (DMM) will be conducted to further increase
the speed. A negative ig pulse induced by the decreased ref-
erence flux is utilized to reduce the MS of the LCF magnets.
A low MS is achieved when the iy amplitude reaches the
required DMM value, and this state will be held until the
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next MS. Similarly, a re-magnetizing manipulation (RMM)
is employed to gain a high MS suitable for low-speed heavy-
load operation.

The magnetization state can be defined as

MS =

x 100% ey
Bmax

where B and Bpax are the present and maximum values of

the average air-gap magnetic flux densities under no-load,

respectively. The magnetic flux distributions of the machine

with 100% and 0% MSs under the no-load situation are shown

in Fig. 4.
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FIGURE 4. The no-load magnetic flux distributions of different MSs.
(a) MS = 100%. (b) MS = 0%.

The magnetic flux of the machine can be weakened or
strengthened by the addition of constant and variable PM
fluxes. When the polarities of the two kinds of PMs are
identical, the magnetic flux achieves the maximum value,
i.e., 100% MS, as shown in Fig. 4(a). The polarity of the LCF
PMs may reverse when an excessive DMM pulse is applied,
as shown in Fig. 4(b). Consequently, most magnetic fluxes
of the PMs close in the rotor, which is defined as 0% MS.
Therefore, the CPSR of the machine can be extended if an
appropriate MS is selected.

C. MATHEMATICAL MODEL

This paper proposes a DTC-based MS manipulation scheme
which can be implemented in a stator reference frame.
Fig. 5 illustrates the flux linkages in the stationary reference
frame (af), stator reference frame (xy) and rotor reference
frame (dq), where ¥ and ¥, are the stator and rotor flux link-
age vectors, respectively. The angle between them is defined
as the load torque angle §, which equals the summation of 6y;
and 6e;. Here, 6y; is the angle between the voltage and current,
while 6 is the angle between the no-load induced EMF and
current.

The rotor flux linkage of the VFMM is an additional
variable compared with the conventional PMSM. In the stator
reference frame, its voltage equations can be expressed as

Usx = Rsisx + %
5 2
Usy = Rsisy + (E + wr)Ys
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FIGURE 5. The flux linkages in the reference frames.

where usx and ugy are the x/y-axis voltages, isx and isy are the
x/y-axis currents, Ry is the stator winding resistance, g is
the amplitude of the stator flux linkage, and w; is the rotor
angular speed, which is related to stator angular speed w;:

ws = d§/dt + w; 3)
The flux linkage equations can be presented as

Vsx | _ [Lacos?8 + Lgsin®8 (Lq — Lq)sin 8 cos 8
Ysy |~ | (Lq— La)sindcosd Lqcos®8 + Lgsin® 8

Iex cos
Lo ] v 50 @
where vt is the PM flux linkage, ¥sx and sy are the x/y-axis

flux linkages, and Lg and L are the d/q-axis inductances. ¥t is
a function of MS and can be divided into two parts:

Yy = Y + kv )

where g and ¥ represent the flux linkage of the NdFeB
PM and the AINiCo PM, respectively; and k is the mag-
netization ratio (MR), the value range of which is —1 <
k < 1, where k = 1 corresponds to 100% MS, and
k = —1 corresponds to 0% MS.

When the stator flux linkage is aligned with the x-axis,
Vsy = 0. Hence, the current equations can be deduced as

2yrsind — [(Laq + Lq) + (La — Lg) cos 28]isy

o = (La — Lg)sin 28
1 ¢ ©6)
isy = ——[2¢¢Lqsind — |¥ | (Lq — Lg) sin 28]
YT 2Ll a ¥ g
The torque 7¢ can be obtained as
3o 3 . .
Te=SpUsisy= ﬁ Ve[2tLq sin 8§ — ro(Lq —La) sin 23]

(N

where p is the number of pole pairs.

IIl. PROPOSED CONTROL STRATEGY
A novel control strategy combined DTC with MS manip-
ulation is proposed for the VFMM to extend the CPSR.
The block diagram of the overall control scheme is shown
in Fig. 6.

The system is composed of a VFMM, an inverter, a detec-
tion module, an observer, a command unit, and a torque-
flux regulator. An encoder is mounted on the VFMM, and
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the inverter employs the conventional three-phase full-bridge
mode. The command unit is in charge of generating the
reference torque and flux signals according to the observer
and detection module. An MS selector and a proportional
integral (PI) controller are utilized to offer the reference flux
and torque, respectively. The torque-flux regulator mainly
deals with the DTC algorithm, which eliminates the need
to consider the varied inductance under different MSs of
the VFMM. The method in which the DTC incorporates the
ig = O condition is utilized during normal operations, and
the reference flux-weakening or flux-strengthening pulses are
energized under MS manipulation processes. An SMC strat-
egy is developed to mitigate the influence of system param-
eter fluctuations, e.g., load change. The proposed strategy
retains the advantages of DTC, including its rapid response
and lower sensitivity to machine parameters. Meanwhile,
the air-gap magnetic flux can be flexibly varied by regulating
the reference flux pulses to achieve an effective extension of
the CPSR with an improved efficiency.

A. DTC WITH I4 = 0 METHOD

When the VFMM is fed by a three-phase full-bridge inverter,
there are two zero voltage vectors (VVs): ug (000) and u7
(111); and six non-zero VVs: u1(100), u(110), u3(010),
u4(011), us5(001) and ue(101), as illustrated in Fig. 7. Hence,
the stator voltage can be regulated by the status of the power
switches, and the stator flux linkage can be obtained by
the integral of the stator voltage. It is feasible to form a
quasi-circular stator flux linkage trajectory by rapidly and
alternately outputting a limited number of VVs. As shown
in Fig. 7, the stator flux linkage fluctuates at the radius of
¥ with an error band of 2A. The trajectory will be closer
to a circle if more VVs are involved or the vector table is

FIGURE 7. Voltage vectors and stator flux linkage trajectory.
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optimized by utilizing zero VVs. Therefore, the stator flux
linkage can be effectively regulated through space vector
modulation (SVM).

To avoid improper MS manipulation of the VFMM,
an iy = 0 control condition is added to the abovementioned
DTC strategy. An optimal scheme of VVs is selected for the
sake of rapidly changing the electromagnetic torque while
maintaining ig = 0. The flux linkage and torque in the rotor
reference frame can be expressed as

Ya = Lqig + ¥
Vg = gqiq (8)
T. = EP(Wdiq — Yqid)

where 14 and v are the d/g-axis flux linkages, and iq and iy
are the d/q-axis currents. The stator flux linkage can be easily

obtained as
Vs =/Vq +¥2 ©

Under the condition of ig = 0, 15 can be deduced as

Y = QLo Te/3py? + 97 (10)

It can be seen from (10) that 7. is the only variable asso-
ciated with 15, which can be calculated and estimated within
each control cycle of the DTC system. Therefore, 15 under
the condition of iy = O can be achieved according to (10)
during each cycle. The proposed method realizes rapid torque
control by calculating the corresponding value of . By uti-
lizing the torque-flux dual-loop regulation, the advantages of
ig = 0 and the rapid dynamic characteristic of DTC can be
retained at the same time.

B. MS MANIPULATION

The stator voltage is proportional to the stator flux linkage
and the rotor angular speed when the stator resistance is
neglected. It can be presented as

us = s
= ory/ (Yt + Laia)? + (Lgig)? (an

The stator terminal voltage reaches the maximum value of
the inverter voltage Usmax When the speed increases to the
rated value. The stator flux should be reduced accordingly if
the speed range needs to be extended above the rated speed.
According to (8) and (9), the flux and torque correspond
with the ig and i, currents, respectively, so that the d/g-axis
currents can be regulated by manipulating the reference flux
linkage when the torque remains constant in a short period.
For instance, a negative d-axis current can be obtained if the
stator flux linkage is reduced in the FW region. The current
trajectories during the MS manipulation processes in the d/q
plane are illustrated in Fig. 8.

The d-axis current ig equals O during normal operation,
which makes the current trajectory move along the g-axis
within a current limit. The value of the g-axis current iy
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FIGURE 8. Current trajectories during MS manipulation processes.

remains unchanged during a short period of MS manipu-
lation. Consequently, the current vector varies only in the
horizontal direction, e.g., the working point moves from A to
B and C during the DMM and RMM procedures, respectively.
The stator flux linkage can be deduced from (8) and (9) as

— | 2
ws,:\/ (Ldid+wf)2+<2TeLq/ > Z‘*(Lq L”’)’d) (12)

According to (12), the stator flux linkage ¥ corresponds to
both ig and ¢ varying with ig. It means that there is a one-to-
one correspondence between s and i3. The PM flux linkage
Y can thus be modified by utilizing a reference flux linkage
pulse during the MS manipulation processes.

Fig. 9 shows the torque-flux (7.-vs) trajectories of the
VEMM under different MSs, i.e., under different igs. The
reference torque is set as 7. Lines AB and CD represent
the initial 100% MS and final 0% MS, respectively, during
the DMM process, as illustrated in Fig. 9(a). A reduced
reference stator flux linkage pulse is applied to realize the
DMM while maintaining a constant reference torque in a
short period. For instance, the amplitude of the reference
stator flux linkage decreases from |ys1| to || and is then
restored to |3|. This procedure can be accomplished within
a period of 100 ms. |v3]| is the required stator flux linkage
after the DMM, which can be obtained according to (10). The
red dashed line (EFG) in Fig. 9(a) represents the trajectory of
the DMM process. The normal DTC with iy = 0 method is
adopted when a DMM procedure is accomplished. The dif-
ferent it trajectories are parallel with each other in the Te-¢
plane under the iy = 0 condition, as shown by the green lines
in Fig. 9(a). The RMM manipulation procedure is similar to
the DMM process, as illustrated in Fig. 9(b). The differences
are the change direction of v; and the shape of the MS lines.

Current Limit Current lell

Te(N.m)

s o] \w [wb)

FIGURE 9. Torque-flux linkage (Te — vs) trajectories of the VFMM under
different MSs. (a) DMM process. (b) RMM process.
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The stator current is always constrained by the maximum
winding current Iymax, Which is presented as

Vig 4 2 = lis] < Lymax (13)

T. and 5 can be acquired according to (8) and (9), respec-
tively, by introducing ig and iy, which satisfy the condition
of (13). Therefore, the T.-1s trajectory corresponding to
the maximum current limiting condition can be obtained,
as shown by the dark red line in Fig. 9.

C. SLIDING MODE CONTROL

Considering the variable parameters and large disturbances
of VFMMs, an SMC is utilized to achieve robust dynamic
behavior. By considering the fact that the conventional
SMC suffers from large chattering, a super-twisting sliding
mode (STSM) algorithm, which is a second-order scheme,
is developed for the system. The sliding mode function
S =[S; S»]7 is defined as

S1=‘Ps*—¢s (14)
So=T¢ —T.

The voltage equation in the rotor reference frame can be
expressed as

. d .
us = Rgis + % +jor ¥ (15)

where us = ug +juq, is = iq + jig, and ¥ = Yq + j¥q and
represent the space vectors of the stator voltage, current and
flux linkage, respectively. The derivatives of iq, i and r can
be deduced as

dig R . . 2
g! = ﬁd Id + wrig + l&d

lq S . . f Uq
4 _ 5 R — 16
a T LML L (16)
dor 3pyriq  TL  Box

a 2] J J

where T, is the load torque, J is the inertia, and B is the
viscosity coefficient. In the reference frame aligned with the
stator flux vector, the derivative of the flux linkage is

Yy = —Rsiq + uq an

Therefore, the second derivative of S, can be deduced
according to (16) and (17) as

2

S’v _ v S . R . Rs .
1= —Ys = _L_dld + Rowyiq + L—dud —lig
= g(x, 1)+ f(x, Dy (18)

where u; is the input signal, which adopts uq here. As R, Lg,
id, iq, r, and ugq are all bounded parameters, the conditions
of 0 < Gy, < gx,t) < Gvm and [f(x,1)] < Fum can be
obtained, which are sufficient for u; to converge with the
sliding surface. Here, Gy, Gm and Fy are the limit values
of g(x,t) and f(x, t). Therefore, a finite-time convergence
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STSM stator flux linkage controller is obtained with a control
constant r = 0.5 [35]:
{ud = kpav/IS1lsign(S1) + uar (19)

g1 = kigsign(Sy)

where k,q and kig meet the Lyapunov function stability
conditions:

F 2(kigG F
ko> M o0, gy |ZRAOMER o,
Gm Gm

An STSM torque controller can also be achieved with a
similar method. The derivatives of torque are deduced as

. 3 di,
T, = _pl//f_q
2 dt .
§ F 3 Il Rediq . do
== — e —_——— — l
g TP L e T
dig  Yrdoy 1,
—wr—— + — —ilq)
dt Ly dt Lq
3 R, 3pyi
= Emlff[(ﬁ + w; T, )ig e

R T, R B
_(_Swr + L + _Swr + @r

Lq J Lq J
3pye . . Yt Ry B R;
+ 27 ldlq+Lq(Lq+J)wr+Lguq
Wr YT 1
+Ld uq + Ly I ig]

=s(x,t) + h(x, iy

where uy is the input signal, which employs ug here. The
conditions of 0 < S, < s(x,t) < Sm and |A(x, )| < Hwm
can be similarly obtained because R, L4, Lg, id, ig, @r, Ud, Uq,
Yy, J and B are all bounded parameters, and the SM function
is effective. Here, Sy, Sm and Hy are the limit values of
s(x,t) and A(x, ). A finite-time convergence STSM torque
controller can be obtained with a control constant » = 0.5 as
well:

Ijtq = kpq '|Sg|sign(S2) + uq1 22)
g1 = kigsign(Sz)
where kyq and kiq satisfy the Lyapunov function stability
conditions:

H 2(kigS; H;
kiq>—M>O, kpq > —( ig5y + Hu)
SM SM

(23)

According to (19) and (22), the proposed STSM direct
torque and flux controllers are implemented in the stator
reference frame, as shown by the block diagram in Fig. 10.
The output signals of the STSM controllers are the reference
voltages ug and uy. The space vector modulation is realized
by uy and ug, which are acquired through the coordinate
transformation of ug and ug, respectively.
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FIGURE 10. Block diagram of the STSM flux and torque controller.

IV. RESULTS AND DISCUSSIONS

The prototype and experimental system setup for this
project are presented in Fig. 11. A magnetic powder
brake acts as the torque load. A digital signal proces-
sor (DSP) TMS320F28335 and a complex programmable
logic device (CPLD) EPM1270 are employed to build the
central controller unit. The analog-to-digital sampling pro-
cess is accomplished by an AD7329 chip with a sampling
frequency of 10 kHz. The experimental data are acquired
by a power analyzer with three current probes. The data
transmission between the controller and the PC is realized by
an RS-485 transceiver.

FIGURE 11. The prototype and experimental system.

A simulation model is built in MATLAB/Simulink to val-
idate the behavior of the system. The rated parameters are
tabulated in Table 1. The VFMM operates within a range from

TABLE 1. Rated Parameters of The VFMM

Description Parameter (Unit)  Quantity
DC voltage Upc (V) 288
Rated speed ny (r/min) 1200
Rated power Px (W) 500
Rated load torque Tx (Nm) 4
Stator resistance R (Q) 2
NdFeB PM flux (100% MS) v (Wb) 0.122
AINiCo PM flux (100% MS) v (Wb) 0.019
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the rated speed to a higher speed, and the characteristics under
different MSs are investigated.

A. RATED-STATE PERFORMANCE

The studied VFMM is driven by a power supply with the rated
DC voltage. The load torque changes from load 1 (4 Nm) to
load 2 (2 Nm) at 0.4 s. The static and dynamic torque perfor-
mances of the machine with the conventional FOC method
and the developed DTC method are compared in Fig. 12.
Here, the DTC hysteresis bandwidth of the reference flux
linkage and torque are taken as 0.02 Wb and 0.02 Nm,
respectively.

Te_DTC
T FOC |

- Period 2#

Period 1#

E)
Z3f g ——SSRRERE . | G SUNNTPTIN
=
2r 4
|
' |
1k 38 o
: Load change | A |
0 i \
03 035 0.4 4(s) 045 05

FIGURE 12. Torque waveforms of the DTC and FOC methods.

It can be seen from Fig. 12 that the torque curves of both
the DTC (red line) and FOC (blue line) methods track the
load torque well, verifying the validity of the control strategy.
When the load is decreased from 4 Nm to 2 Nm at 0.4 s, both
methods can achieve torque balance through the adjustment
processes, which are represented by Period 1# and 2#. The
process lasts Az; in the FOC mode and At, in the DTC mode.
It is noted that A#; and At, are approximately 20 ms and
55 ms, respectively, indicating the rapid response capability
of the DTC method during steady state. However, the DTC
method produces a larger torque ripple compared with the
FOC method, as shown in the partially enlarged detail of
Fig. 12. The flux linkage trajectories of the DTC method
under rated and light loads are quasi-circular and are achieved
under the condition of id = 0 according to (10). Therefore,
the trajectories of s, which vary with torque, never overlap
under different loads.

To achieve a robust dynamic response and avoid large
chattering at the same time, an STSM controller is creatively
employed to control the VFMM. The speed waveforms of
the machine with the DTC and STSM methods during the
load change process are presented in Fig. 13. A rated voltage
power supply is applied to drive the machine, and the load
torque changes from 4 Nm to 2 Nm at 0.42 s. Here, the
control gains of the STSM are kpq = kpq = 100 and kig =
kiq = 1000. It can be seen from Fig. 13 that both methods
can realize satisfactory speed tracking characteristics through
the adjustment processes (Periods 3 and 4#). Period 3# lasts
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FIGURE 13. Speed waveforms of the DTC and STSM methods.

for Arz, while 4# lasts for At4. Here, Atz is approximately
220 ms, and Aty is approximately 30 ms. It is noted that an
overshoot (100 r/min) of 8.3% rated speed exists with the
DTC method during the load change process. In contrast,
the speed of the machine with the STSM method reaches the
reference value in a finite time with scarcely any overshoot,
which is only 10% of the DTC method. These results indicate
that the proposed STSM scheme can reduce the speed fluctu-
ation significantly during the process compared with the DTC
method. In other words, the proposed algorithm has a strong
robustness and small chattering even if load fluctuations exist.

B. MS MANIPULATION BEHAVIOR

The MS manipulation can be realized by applying a reference
stator flux linkage pulse in a short period. Figs. 14~16 show
the flux linkage trajectory, the speed waveform and the d-axis
current waveform during a DMM process. The amplitude of
the flux linkage before the DMM is 0.186 Wb under a light
load (2 Nm), as shown by trajectory 1# (blue line) in Fig. 14.

03 T " : r —
—B— DMM_B | |
—B— DMM
0.2 Trajectory 1# AN —8— DMM_A | ]
0.1 S — N
3 MY
=00 ?
-0.1 ' \'
..f-ﬁg g
02F Trajectory 3# Trajectory 2# -
-03

-03 -0.2 -0.1 0.1 02 03

0.0
yo (Wb)

FIGURE 14. Flux linkage trajectories during the DMM process.

A reduced reference stator flux linkage pulse with an
amplitude of 0.11 Wb is energized at 1 s and lasts for 50 ms,
the trajectory of which in the g — v, plane is denoted by
trajectory 2# (green line). After the short period of the DMM,
the stator flux linkage is reduced and retained approximately
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0.166 Wb, as shown by trajectory 3# (red line). It can be
seen from Fig. 15 that the actual speed waveform n_f1 (pink
line) tracks the reference speed waveform n_gl (blue dash
line) with a small lag. The speed is 1200 r/min before the
DMM process starting at 1 s and increases to 2000 r/min
after the DMM period (Period 5#) and adjustment period
(Period 6#). Ats and Ate represent the durations of Periods 5#
and 6#, respectively, which approximately equal 50 ms and
120 ms, respectively. The speed curve shows a slight drop
in the beginning of the DMM period and an overshoot of
approximately 80 r/min during the adjustment period. It is
noted that the speed range of the machine can be extended
under a light load in a short period.
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n_fl
- - gl
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n(r/min)

12007

Ats :
DM Point. I
|

800

0.8 0.9 1 t(s)l‘l 1.2 1.3 1.4

FIGURE 15. Speed waveforms during the DMM process.

Fig. 16 presents the d-axis current waveform during the
DMM process. It is noted that a 7A DMM current is applied to
alter the MS of the machine within 50 ms. The average value
of the d-axis current is 0, and its fluctuation is approximately
4 0.3 A before and after the DMM process, indicating that the
proposed s control scheme under the condition of ig = 0 is
validated.

0.8 0.9 1 1(s) 1.1 1.2 13 1.4

FIGURE 16. The d-axis current waveform during the DMM process.

The performance of the proposed method during an RMM
process is also investigated and relevant waveforms are
obtained. The flux linkage trajectories during the RMM pro-
cess are shown in Fig. 17. It can be seen from Figs. 17 and 14
that the flux linkage is 0.166 Wb before the RMM under
a light load (2 Nm) and is represented by trajectory 3#
(red line). A new MS can be achieved by applying an
increased reference stator flux linkage pulse in a short period.
Here, the starting point of the RMM is at 2 s, and the pulse
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lasts for 80 ms, with an amplitude of 0.5 Wb. Trajectory 4#
(green line) reflects the flux linkage variation trend during the
RMM process in the -1, plane. After the RMM process,
the stator flux linkage is enhanced and restored to 0.186 Wb,
as shown by trajectory 1# (blue line) in Figs. 17 and 14.
Hence, a high-torque-output operation can be achieved under
high-MS conditions. Trajectory 5# (pink line) is the flux
linkage under the rated load (4 Nm) after the RMM process.
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FIGURE 17. Flux linkage trajectories during the RMM process.

Actual speed n_f2 (red line) and reference speed n_g2
(blue dash line) waveforms during the RMM process are
shown in Fig. 18. The machine operates in a high-speed
region of 2000 r/min before the RMM starting at 2 s.
Speed n_f2 tracks n_g2 very well through the RMM period
(Period 7#) and adjustment period (Period 8#). Period 7# lasts
for Ar7(= 80 ms) while 8# for Arg(~ 180 ms). A speed
fluctuation and an overshoot can be observed because of the
current variation and load increasement during the RMM
process.
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FIGURE 18. The speed waveforms during the RMM process.

Fig. 19 exhibits the d-axis current waveform during the
RMM process. The RMM procedure consists of an RMM
period (Period 7#) and an adjustment period (Period 8#),
which is similar to the DMM process. It can be seen that
the steady average value of the d-axis current is 0, with a
fluctuation of & 0.3 A, which contributes to the proposed v
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FIGURE 19. The d-axis current waveform during the RMM process.

control scheme. For the sake of full magnetization, the ampli-
tude of the magnetizing current (= 22 A) is larger, and the
manipulation period (= 80 ms) is longer during the RMM
process compared with those of the DMM process.

The flux trajectories (Y - ) during the DMM (blue line)
and RMM (red line) processes are compared in Fig. 20. The
PM flux linkage ¢ under a light load is used to estimate the
MS. It can be seen from Fig. 20 that the MS of the machine
varies with a reference stator flux linkage ¢ pulse. The PM
magnetization level is a function of the amplitude of the v
pulse, where the full RMM and DMM refer to 0.626 Wb and
0.0968 Wb, respectively.

0.145 T T T T T T T
0.14F /" /‘/,/* S
0.1351 0.626 Wb 1
0.13 [ / for full RMM
20124 f / -
S0.12F .
0.115F .
0.0968 Wb
(0 for full DMM T
0.105F L 1
0100701 02 03 04 05 06 07 08

¥s (Wb)
FIGURE 20. The flux trajectories (¥§ — ¥s) during MS manipulations.

The torque-speed curves of the investigated VFMM with
and without FW are shown in Fig. 21. The curve (blue line)
labeled with “without FW” refers to the T.-n performance
of the machine with the conventional DTC method, while the
other curve (red line) represents that with the proposed FW
method. In the constant torque region, the torques can approx-
imately maintain 4 Nm for both control schemes, as shown by
line AB. When n exceeds ng (1200 r/min), the machine oper-
ates in CPSR, for which the torque is inversely proportional
to the rotational speed. With the conventional DTC method,
the Te-n curve is CPSR 1#, and the maximum speed under
no-load condition is np (4000 r/min). A DMM is conducted
in point C where the speed reaches nc (1400 r/min). Conse-
quently, a new torque-speed curve is obtained, as shown by
curve BCE. It can be observed that the maximum speed under
the no-load condition is beyond ng (5000 r/min). This result
shows that the CPSR of the machine is extended to the com-
bination of CPSR 1# and 2# by applying the proposed FW
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FIGURE 21. The torque-speed curves (Te — n) with or without the FW
method.

control scheme. The results and analyses abovementioned
indicate that the proposed method can effectively improve
the FW capability and extend the CPSR compared with the
conventional DTC method.

Fig. 22 shows the current changes of phase A during the
DMM and RMM processes. The machine operates under
a light load (2 Nm) during the processes to simulate the
high-speed cruising operation of an EV. The phase current
achieves a steady state at Steady point 1# after demagnetiza-
tion, and its peak-to-peak (P-P) value increases from 6.4 A to
7.4 A, which represents an increase of 15.6%. In contrast,
the P-P value of the phase current decreases from 7.4 A
to 6.4 A after re-magnetization. The current increases dur-
ing both processes, while the amplitude is larger and the
duration is longer for the RMM process to achieve a full
re-magnetization. It is noted that the speed increases after the
DMM process and is restored to the rated value through the
RMM process.

15.0 ‘ T T T T T T T
| DMM pomt | Steady point 1#* [25ms/fiv]
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v\
| Té 4A P-P | i i
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FIGURE 22. Current changes of phase A during the DMM and RMM
processes.

The torque-flux (7,-v5) trajectory over time during the
DMM process is obtained, as shown by the three-dimensional
blue curve in Fig. 23. The curve’s projection (red line) onto
the Te-v5 plane is also presented. The working point moves
from the DMM point to Steady point 1#, and the stator
flux linkage varies for the duration of the process. In this
period, the flux linkage operating point moves from P to M
and then stabilizes at Q, validating the effectiveness of the
proposed demagnetization method. It can be seen that some
torque ripples exist during the process. However, they have
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FIGURE 23. Torque-flux linkage (Te — ¥s) trajectory during the DMM
process.

less influence within a short period (100 ms), and the torque
remains constant during the entire procedure.

The proposed VFMM control system can perform effective
flux linkage adjustment while involving negligible MS
manipulation loss and eliminating complicated current con-
trol. Nevertheless, more sufficient experimentation and fur-
ther research are needed. Future work should focus on the
efficiency tests, transient behavior of the MS controller, and
the control characteristics of diverse intelligent algorithms.

V. CONCLUSION

This paper proposes a second-order SM-based DTC strategy
for a hybrid PM VFMM without sophisticated current control
efforts. The scheme combines the advantages of conventional
DTC with the variable-flux characteristics of VFMMs. The
method of the DTC incorporating the ig = 0 condition is uti-
lized under normal operations, and reference flux-weakening
or flux-strengthening pulses are energized in MS manipula-
tion regions. By adopting this method, the dynamic response
is improved and the flux adjustment is simplified, effec-
tively extending the CPSR of the machine. The proposed
super-twisting SM controller reduces the speed fluctuation to
10% of the conventional DTC scheme during the load change
processes and exhibits independence from the machine’s
inductance. The results demonstrate that the studied VFMM
can achieve a wide speed, high efficiency, and strong robust-
ness performance when the SM-based DTC and MS control
are taken synthetically. Overall, the proposed VFMM system
is a promising choice for wide-CPSR requirement applica-
tions, e.g., electric vehicles.
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