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ABSTRACT

This paper proposes sensorless control of the seven-level torque hysteresis controller (7LTHC) in the
direct torque control (DTC) method for five-phase interior permanent magnet synchronous motor
(IPMSM). Both torque response and torque ripples of the machine are directly related to the amplitude
and location of voltage vectors in the hysteresis DTC method. Additionally, different level torque hystere-
sis controllers are used to configure a variety of voltage vectors. In this paper, 7LTHC is compared with
three-level hysteresis torque controllers (3LTHCs) by using different amplitude voltage vectors to vali-
date the DTC based on the proposed 7LTHC method in Matlab/Simulink environment. Dynamic torque
response in the transient operation and low torque ripple and low stator current harmonics in the
steady-state operation can be achieved by using the proposed 7LTHC. Furthermore, the speed of
IPMSM which is controlled by the DTC based on the proposed 7LTHC is estimated using a sliding-
mode observer (SMO) based on sigmoid function and the speed performance is enhanced by combining
angle tracking observer (ATO) with the SMO. The simulation results confirm the performance of DTC
based on the proposed 7LTHC using the structure of hysteresis DTC and the mathematical model of
five-phase IPMSM which uses an SMO for sensorless speed control.

© 2021 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Multi-phase motors attract considerably more attention com-
paring to three-phase motors due to their higher efficiency, power
density, reliability, lower vibration and torque ripples. Likewise,
permanent magnet synchronous motors (PMSM) have superior
characteristics such as lower copper losses yielding higher power
density, higher efficiency, smaller size, and weight comparing to
the induction motors [1,2]. The multi-phase PMSMs, therefore,
are preferred to other multi-phase motors in numerous application
areas such as electric vehicle drive systems, aerospace and naval
propulsion systems, wind turbines, and some other industrial
applications [3]. Interior permanent magnet synchronous motors
(IPMSM) on the other side gained popularity over surface mounted
PMSMs due to their higher torque producing capabilities which
combine reluctance and excitation torque [4].

The direct torque control (DTC) method for three-phase induc-
tion motor (IM) was first proposed by Takahashi and Noguchi in [5]
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and implemented by Zhong on three-phase PMSMs [G]. Basically,
the DTC method directly controls torque and stator flux by select-
ing the optimal space vector corresponding to the switching states
in each sampling period without performing current control [7,8].

DTC is a simple control method that has numerous advantages
such as fast dynamic response, less parameter dependency
although it has few drawbacks such as the lack of variable switch-
ing frequency and high flux ripples [9]. In DTC method, switching
states increases proportionally with number of voltage phase at
the inverter output resulting in an increase of the space voltage
vector combination. Further, selection of different amplitudes of
space voltage vectors minimizes torque ripples and stator flux
which are shortcoming of hysteresis controller-based DTC [10].
For example, five phase systems, which have the lowest phase
count in the multi-phase systems, provide better adjustment of
the torque and the stator flux in contrast to three phase systems
[8]. Many other studies [11-13] reports lower torque ripples, elim-
inated d3-q3 stator flux and harmonic currents and more achieve-
ments by utilizing different level torque controllers along with
various voltage selections for the IM. In [11], the three-level torque
hysteresis controller has applied using different virtual voltage
vectors for high-speed and low-speed regions. Similarly, the five-
level torque hysteresis controller that used virtual voltage vectors
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selected according to different speed regions has been presented
by [12]. Another study, [13], has proposed a modified five-level
hysteresis band for torque controller that using virtual voltage vec-
tors. Finally, it proposed the injection of dither signal in DTC for
five-phase IM with a five-level controller using actual voltage vec-
tors [14].

In contrast to IM, there are limited number of studies on PMSM
covering the five-phase systems controlled by the DTC based on
hysteresis controllers in the literature. Based on the four-level tor-
que controller, the DTC which selects either large or medium vec-
tors depending on the torque error (i.e., the difference between
reference and estimated torque values) for the five-phase IPMSMs
is proposed in [4]. [15] has presented a two-level torque controller
which uses a virtual voltage vector to reduce the effect of d3-q3
stator flux according to its location and to maintain the stator cur-
rent waveform of five-phase PMSM. [16] has proposed the direct
torque model predictive control strategy which can reduce the sta-
tor current harmonics and improve the motor torque response for
the five-phase IPMSM. A new virtual signal injected MTPA tracking
algorithm for DTC based five-phase IPMSMs is proposed in [17].

DTC is a control strategy based on voltage and current models.
Rotor position sensor is not required in the DTC voltage model.
However, the voltage model is affected by the stator resistance
variation and needs to be low pass filtered (LPF) that causes lag
to avoid instability. DTC current model requires rotor position
feedback, however, while it is not affected by the stator resistance
variation. The current model of DTC can be combined with an
observer to eliminate the need for a position sensor. The rotor posi-
tion and speed of the PMSM is estimated using the stator current
and voltage waveforms.

Several studies such as extended Kalman filter (EKF) [18,19],
Luenberger observer [20], model reference adaptive system
(MRAS) [21,22] and phase-locked loop (PLL) observers [23-26]
have been presented to improve the performance of sensorless
PMSMs. Additionally, the sliding-mode observer (SMO) has been
widely used in sensorless PMSM applications. Estimating electrical
position of the rotor by using the back electromotive force (EMF),
the SMO has many benefits such as their simple structure, fast con-
vergence, robustness, and low sensitivity to parameters [27]. Var-
ious SMO approaches have been proposed to analyze their
performance in PMSMs [28-30]. Lu et al. implemented the load
torque identification SMO which contains an LPF used as the load
torque observer and the signum function is also replaced with a
saturation function [28]. In [29], the saturation function is used
to achieve sensorless control of vector controlled five-phase
surface-mounted PMSM with SMO. An SMO which utilizes the arc-
tangent method to estimate rotor electrical position has been pre-
sented in [30] for five-phase IPMSMs controlled by space vector
modulation technique.

This paper analyzes effects of different amplitude voltage vec-
tors on the torque ripple, torque response and stator current dis-
tortion in the transient and the steady states for a five-phase
IPMSM which is implemented using the DTC based on a hysteresis
controller. We started with a three-level controller for small, med-
ium, and large voltage vectors. To obtain a fast, dynamic torque
response in the transient state, eliminate stator harmonics and
reduce torque ripples in the steady-state, the seven-level torque
hysteresis controller (7LTHC) is proposed. The main contributions
of the paper are listed as follows: 1) The 7LTHC utilizing the pro-
posed voltage vector selection look-up table regulates the torque
ripple, improves torque response, and reduces current distortions
of five-phase IPMSMs 2) A phase-locked loop (PLL) based angle
tracking observer (ATO) along with the SMO is implemented to
sensorless control an IPMSM with the proposed 7LTHC method
without using a position sensor. The sigmoid function-based
SMO combined with ATO eliminates the use of both the LPF caus-
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ing phase delay and the arctangent method causing oscillations.
The effect of DTC based on the proposed 7LTHC method is illus-
trated in simulations for both position sensored and sensorless
operation.

The paper is organized as follows. Section 2 presents the math-
ematical model of five-phase PMSM. Principle of DTC is described
in Section 3. Section 4 describes the selection of voltage vectors
for 7LTHC. Sigmoid function-based SMO combined with ATO is
presented in section 5. The simulation results of the proposed
7LTHC method are given in section 6. Finally, the section 7 con-
cludes the paper.

2. Mathematical model of five-phase PMSM

To simplify the five-phase PMSM modeling, the five-phase sys-
tem (abcde) is transformed to an orthogonal (dq) reference frame.
Then the five-phase PMSM model in the rotating (dq) reference

frame is as the following [15]:

[Vago] = [Taqo(0)] [Vapede]

The transformation matrix is written as:

- 3)

The stator flux equations in the dq rotating reference frame are:

3)

(1)

cos(0) cos(0—2E) cos(0-4F) cos(0+4F)  cos(0+ %)
—sin(0) —sin(0—2&) —sin(0—4F) —sin(0+4F) —sin(0 + )
1 1 1 1 1

2 2 2 2

_amy
@)

2

Aas = Laigs + 2m

(4)

where L, and L, are the dq axis inductances, igs and igs are the dq
axis stator currents. /4, is the permanent magnet flux linkage. The
stator voltage equations in the dq rotating reference frame are given
as:

gs = Lqigs

. di

Vds = TIslgs — wr)»qs + d_‘tis (5)
. di

Vs = T'sigs + @ras + dgs (6)

where Vg and Vi, are the dq axis stator voltages. rs, w;, are the
stator resistance and rotor electrical speed, respectively. The elec-
tromagnetic torque and mechanical torque are formulated as:

T = (g)P(lmiqs + (La — Lo)laslqs) 7

Te :](%) + T, +Bwp, (8)
(%) = w; = Poy, (9)

where T, is the electromagnetic torque, ] is the inertia of the rotor, T;
is the motor load torque, B is the viscous friction coefficient, w,, is
the rotor mechanical speed, and 0, is the rotor electrical position,
respectively. P is the number of pole pairs. The first term of the elec-
tromagnetic torque is the excitation torque and the second one is
the reluctance torque in (7). IPMSM combines the excitation torque
and the reluctance torque, whereas surface-mounted PMSM pro-
duces only the excitation torque since the d and q axis inductance
values are equal.
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3. Principle of DTC

DTC method provides an optimal selection of the space voltage
vectors which consist of the inverter switching states according to
the errors between the actual and reference values of flux and tor-
que in each sampling period by using the two separate hysteresis
controllers and the position information. The flux controller con-
sists of a two-level hysteresis band, whereas the torque controller
can be configured from a two-level to seven-level hysteresis band
for five-phase systems.

Estimations of the amplitude and direction of stator flux linkage
is needed for optimal voltage vector selection. The estimation of
stator flux utilizes either the voltage model or the current model.
The voltage model requires fewer parameters comparing to the
current model. In order to avoid instability in the motor drive sys-
tem, the voltage model utilizes an LPF instead of the pure integra-
tor which could increase the complexity of the controller [31]. The
current model, on the other hand, needs the rotor position infor-
mation. In this paper, the current model is used as the rotor posi-
tion estimator because of its simple structure. Therefore, an SMO is
added to the DTC control system based on the current model to
avoid using rotor position sensor.

The estimated torque and stator flux linkage, and the sector can
be derived with a-axis and B-axis stator flux linkage components
in the stationary reference frame. Stator flux linkage can be calcu-
lated by (10), (11) using phase currents and the dc bus voltage
measurements of the voltage model.

de = / (0 — i)t (10)

;L,g: / (U/g—rsi/g)dt (l])

Stator flux linkage can also be calculated with the Park to Clarke
transformation using the reference frame currents and the rotor
position for the current model as given by (12).

Ay cosd —sind 0] [ /g
Jg| =1]sing cosd O] |7 (12)
20 0 0 1|4

The amplitude of stator flux linkage estimator can be expressed
as:

\est| = £/ 2 + 2

The angle of the stator flux vector determines the sector. It can
be derived as:

(13)

Llest = 0 =tan™! <ﬂ> (14)
v
The torque estimator can be given by:
5 ) .
Test = <§>P(Ao{lﬁ - )v[ﬂm) (15)

The two-level inverter, which has two legs consisting of two
switches, takes the value 1 when the upper switch is on and the
lower switch is off and 0 for other switch states. In this case, there
are 2" different space voltage vectors for a two-level n-phase inver-
ter. Therefore, the phase voltages can be expressed as a matrix
according to switching states of the two-level five-phase voltage
source inverter (VSI).
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Va 4 -1 -1 -1 -1][S
Vi -1 4 -1 -1 -1][S5
o Vdc
Ve | = 5 -1 -1 4 -1 -1||S (16)
Vy -1 -1 -1 4 -1|]|S
Ve -1 -1 -1 -1 4 Se

where V. is the inverter dc-link voltage, Si, Sy, Sc, Sa Se are the
switching states of the two-level five-phase VSI. Besides, the five-
phase inverter has 32 space voltage vectors which 30 of them are
active and 2 are zero. These voltage vectors are divided into four
categories according to amplitude sets: large, medium, small, and
zero. The ratios of the active voltage vector amplitudes from the
smallest set to the largest set are 1:1.618:1.618, respectively. Each
set contains 10 active voltage vectors, while there is an angle of
1t/5 rad between the adjacent vectors. Additionally, the vector space
is divided equally into 10 sectors of 7/5 rad [10]. There are three
active voltage vectors which have different amplitudes located in
the same direction of each sector, while zero voltage vectors are
located at the origin of the voltage plane. Thus, Vg and V3, are called
zero voltage vectors that corresponding to the case that all switches
take the value of 0 or 1. Fig. 1 shows the voltage vectors and switch-
ing states in dq sub-space for the two-level five-phase VSI. Addi-
tionally, the sectors consist of a vector plane are divided into ten
parts as depicted in Fig. 1.

The voltage vectors are applied according to the torque and sta-
tor flux errors, i.e., the difference between their reference and the
estimated values. The flux hysteresis controller consists of a two-
level hysteresis band. Stator flux comparator (di = 1) represents
the required increment in the actual flux, whereas (d/ = 0) repre-
sents the required decrement in the actual flux. However, the tor-
que hysteresis controller can be configured up to seven-level
hysteresis band for five-phase systems. Table 1 shows the zero
voltage vectors employed when the torque controller (dT) is O
which implies the torque error is in the center level. If torque error
lies between the inner level HB_1 and HB_2 or -HB_1 and -HB_2,
then the dT is 1 or —1, respectively. Small voltage vectors are uti-

v

v

Fig. 1. The voltage vectors, switching states and sectors in dq sub-space.
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Table 1
Active voltage-vector lookup table.
dx dT Sector
I 11 111 v \% VI VIl Vil IX X
1 3 vL3 VL4 VL5 VLG VL7 VLS vL9 le 0 VLI VLZ
2 Vms Vg Vvs Ve Vmz Vms Vg Vmio Vv Vmz
1 V53 VS4 VSS VSG VS7 VSS VSQ VS1 0 VS1 VSZ
0 vCl V3‘l VO V3‘l VO v3 1 vCl v3‘l VO V3 1
-1 v59 VSl 0 VS] VSZ VS3 VS4 VSS VSG VS7 VSS
-2 Vme V1o Vi V2 Vs Vma Vs Vme Vmz Vs
-3 vL9 VL 10 VL 1 VLZ VL3 VL4 vLS VLG VL7 VLS
0 3 VL4 VLS VLG VL7 VLS VL9 VLIO VLl VLZ VL3
2 Vg Vms Vve Vmz Vms Vmg Vwmio Vv Vmz Vms
1 VS4 VSS VSG VS7 VSS VSQ VS‘IO VSI VSZ VS3
0 v3] VO V3 1 vO V3 1 VO v3] VO V3 1 VO
-1 Vsg Vso Vsio Vs Vsz Vs3 Vsq Vss Vse Vs7
-2 VM8 VMQ VM1U VM1 VM2 VM3 VM4 VMS VMG VM7
-3 VLB VL9 VLl 0 vL 1 VLZ VL3 vL4 VLS VLS vL7
A
dT A 9
3 __________________
£ kdqvx3 T.V
sV x3 tang
___________ Y|
2 X )\‘quXZ
_____ V| :
1 > : . Tst2_tang
HB 3 -HB 2 -HB I | E . “e_error
< — - 4 A » .V
< ; . r ” x2_rad
: 5 HB 1 HB 2 HB 3
' 1 N
' r{ -1 d
N >
. Fig. 3. The effect of using different voltage vectors on stator flux-linkage and
: A /. 5 electromagnetic torque for sector I.
> -
< P 3
v be used to decrease the stator flux while increasing the electro-

Fig. 2. Seven-level torque hysteresis controller.

lized since they have a slow dynamic response and low torque rip-
ple in the inner level. If torque error is in the middle-level HB_2
and HB_3 or -HB_2 and -HB_3, then the dT is 2 or -2, respectively.
Medium voltage vectors are employed as they have medium
dynamic response and medium torque ripple in the medium level.
If torque error is greater than HB_3 or less than -HB_3, then the dT
is 3 or —3, respectively. Large voltage vectors are employed which
have a fast-dynamic response and larger torque ripple for torque
error that lies in the outer level. The scheme of operation of the
7LTHC according to hysteresis bandwidth is shown in Fig. 2.

In this paper, the ratios of hysteresis torque controller band-
widths are selected based on the ratios of active voltage vectors’
magnitudes as 1:1.618: 1.6182, from the smallest one to the largest
one, respectively.

4. Selection of voltage vectors

The voltage vectors are employed for either decreasing or
increasing the torque and the stator flux. For example, suppose
that the stator flux linkage vector has been rotating in counter-
clockwise direction and is located in the first sector. Voltage vec-
tors Vx, or Vs can be used to increase both the electromagnetic
torque and the stator flux (TI, FI). Voltage vectors Vx4 or Vs must
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magnetic torque (TI, FD), and the Vg or Vx;o vectors must be used
for the opposite situation (TD, FI). If both the flux and the torque
are needed to decrease (TD, FD), then the voltage vectors Vyx; or
Vyxg must be selected. Vy represents the amplitude of voltage vec-
tors as small, medium, and large. The large voltage vector V| pro-
vides a faster response on changing torque and flux. Its followed
by the medium voltage vector Vy,. However, the small voltage vec-
tor Vs generates the lowest rate of change in terms of response for
both the torque and the flux.

Additionally, each voltage vector is split into two components,
the tangential and the radial components in the dq reference
frame. The stator flux amplitude is affected by the radial compo-
nent, whereas the electromagnetic torque response is affected by
the tangential component of the voltage vector. Fig. 3 shows the
effect of the radial components and the tangential components of
voltage vectors Vy, and V3 when the stator flux is in the first sec-
tor. Vx, voltage vector has a larger radial component than Vs has,
while Vs voltage vector has a larger tangential component than
Vyz has. Therefore, Vxs produces faster torque response comparing
to Vyo, while Vy, performs better stator flux control. Similarly, Vg,
Vys, and Vg produce fast responses like Vs to increment or decre-
ment reference torque for sector I. Therefore, this vector group can
be called the fast torque response vectors (Vxg) while the other
vector group can be described as the slow torque response vector
(Vxs). Six active voltage vector groups classified by their impact
on the torque response and ripple can mentioned: Vss, Vsg, Vs,
Vur Vis, Vig. These voltage vector groups are used in various com-
binations that enabling torque control strategies with different
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levels of the hysteresis controller. These groups can be combined
with zero voltage vectors to decrease the applied number of vec-
tors especially when it is necessary to reduce the torque.

The large voltage vector has a fast torque response in the tran-
sient state, while it increases the torque ripple in the steady state.
The medium and the small voltage vectors reduce the torque ripple
in the steady state; however, they have slower torque response
comparing to the large voltage vector. We propose a 7LTHC to
improve the dynamic torque response by using the large voltage
vector and to reduce the torque ripple by using the small and the
medium voltage vectors. The proposed 7LTHC which uses the fast
torque response vectors (Vsg, Vg, Vig) is shown in Table 1. The pro-
posed method enhances the torque response and reduces the cur-
rent harmonic distortion for each vector amplitude.

5. Design of SMO for the IPMSM

The model of IPMSM in the aff stationary reference frame is
designed as using the equivalent EMF [27].
dfiz] 1[0 iy] 17ey
dt lﬁ B Lq T//j Lq lﬂ Lq E/j
where iy, is, vy, U5 and ey, eg are the current, voltage, and the back-
EMF in the of stationary reference frame, respectively.

The conventional SMO is designed using IPMSM equations as:

Iy

-2l it

i L
where i denotes the estimated values, and ksyo represents the con-
stant observer gain.

The conventional SMO using signum function causes the chat-
tering effect in the system. A low pass filter (LPF) is usually com-
bined with the conventional SMO to reduce the chattering effect.
However, since LPFs cause phase delay [32,33], the signum func-
tion can also be replaced by the sigmoid function to reduce the
chattering effect. The sigmoid function is defined as:

() =((2) )
(1 )
where ; denotes the estimation error between observed current and

+ e—ﬂ?
actual current as defined in (20), andarepresents the constant
parameter of the sigmoid function regulating the slope.

- (17)

d
d

1

Uy,
Vg

sign(i, — iy)
sign(is — iy)

Ts

s _ kSMO
Lq

Ly

Iy

} (18)
lg

(19)

iy — Iy

= { . } (20)
iy b=l
Thus, the equation of observer can be rewritten as:
dgH Hv]_{_H _kimo H(ix) 21
tlig q L Vs q | Ip 9 | H(iy)

The stability of the observer is verified using the Lyapunov func-
tion which is defined as V.

1 ~2 ~2

V=i, +iy)

The derivative of the Lyapunov function with respect to time is
given as:

(22)

dt

av  (di,
dt — \ dt

i+ i;<0 (23)
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The derivative of the Lyapunov function must be negative to
satisfy the stability condition, i.e., the estimated current will con-
verge to its actual value until the error reaches zero. Therefore,
kspo must be selected large enough according to (24).

kswo > max(|e,], |eg)) (24)

ksmo can ensure the asymptotical stability of sliding motion.
Once the system reaches the sliding surface, it will stay on the sur-
face. After then:

iy

ig

_d
Tdt

=S(X)=-SX)=0 (25)

The rotor electrical position is estimated using the negative arc-
tangent method based on the back-EMF, then the observed rotor
electrical position is obtained as:

{)--

The arctangent method causes oscillations in the estimated
rotor position [34]. To solve this problem, in this paper, the esti-
mated rotor electrical position is obtained from the SMO which
is combined with the ATO based on the PLL. Fig. 4 shows the
scheme of the SMO combined with the ATO.

Driven by sensorless DTC based on the proposed 7LTHC method
using the SMO, the block diagram of the five-phase IPMSM is given
in Fig. 5. The five-phase voltage of the VSI is transformed from the
five-phase to the rotating reference frame. The estimated torque
(Test), stator flux linkage (/.s), and sector are obtained by the esti-
mation block of DTC. Also, The SMO based on the back-EMF model
combined with ATO estimates the electrical position of the rotor.

The estimated rotor electrical position (0,) obtained by the obser-

0, = —tan™! (26)

‘L 05s(.),
! "
Va Sliding-Mode fa';ﬂ CD L % 1 é’
vg—> Observer I 'é‘ n B N
e, 2]
' Sigmoid P HE—I ‘
g I/} T

sin(.)|

Fig. 4. Block diagram of sigmoid function-based sliding-mode observer combined
with angle tracking observer.

Direct Torque Control Strategy

Oref

® @ ,9 Te_error aT
P x ivseress, || tookcup | Sabede =
ref y
W/O\ Ferror | Controller Table <
Sector
. ill
i !
r Flux, d ip
est Torque, ) 52 Ic
Aest Position Iy Transform ig
Estimators i,
Speed Observer ﬂj N
Angl ‘e e U
@, @, ngle e le—
L N L
o
Observer |« — |_|

5~Phase
PMSM

Fig. 5. Control block diagram of sensorless drive system of DTC based on the
proposed 7LTHC using the SMO.
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ver is transformed into the estimated rotor mechanical speed ()
as rpm. Thus, the speed error can be obtained by the difference
between estimated rotor mechanical speed (@,) and reference

speed (wyef). The speed error (o) that is obtained is corrected
by implementing the proportional-integral (PI) controller in order
to generate the reference torque (T,y) of the motor. Therefore,
the reference torque (Tr) output from the PI controller and the ref-
erence stator flux (4,e) are compared with their own estimated val-
ues. The estimated values are subtracted from the reference values
to obtain the corresponding errors. Both respective errors pass
through their own hysteresis controller. The required voltage vec-
tor is determined according to the stator flux vector position and
the digital outputs of the torque and the stator flux hysteresis con-
trollers (dT, dA), respectively, using the lookup table as shown in
Table 1. The switching states of the selected actual voltage vector
are applied to five-phase IPMSM by the two-level five-phase VSI.

6. Simulation results

The performance of DTC based on the proposed 7LTHC method
for five-phase PMSM is analyzed in terms of both actual speed and
observed speed using Matlab/Simulink environment. The parame-
ters of the five-phase PMSM are given in Table 2 [35]. The inverter
dc-link voltage is 120 V. The sampling time of the simulation is set
to 25 ps. Furthermore, the values of the PI controller which
obtained by manual tuning is designed so that the actual torque
value immediately tracks to the reference torque value during load
changes. Therefore, the integral gain (K;) and the proportional gain
(Kp) are specified as 40 and 10, respectively.

The torque hysteresis band is set to + 0.1 Nm of the reference
torque for the three-level controller which is applied small, med-
ium, and large voltage vectors, separately to show the effect of vec-
tors at the same bandwidth. If the bandwidth of the hysteresis
controller doesn’t proper with the magnitude of the voltage vector,
the torque is controlled exceed the hysteresis band by the voltage
vector. Unlike, inner level (HB_1), middle level (HB_2), and outer
level (HB_3) of the torque hysteresis bands of the seven-level con-
troller are set to + 0.1 Nm, + 0.1618 Nm, and + 0.2618 Nm, respec-
tively. The magnitude of bandwidths is adjusted to proportional
with the amplitude of voltage vectors. Moreover, the flux hystere-
sis band is set to + 0.00025 Wb of the reference flux for all
methods.

6.1. Dynamic performance

Firstly, the proposed 7LTHC using the fast torque response vec-
tors is compared with the three-level hysteresis torque controller
(3LTHC) that uses different voltage vector groups in terms of tor-
que response in transient state. The external step load torque (ref-
erence torque) which reaches from 0 Nm to 2 Nm is applied to the
motor at time t = 0.5 s for comparing the performance of the three-
level controllers as shown in Fig. 6. The torque response time is
0.13 ms when applied to the large-fast torque response vectors

Table 2
Parameters of Five-Phase [PMSM.
Symbol Parameter Value
P number of pole pairs 2
Ly d-axis inductance 0,381 mH
Ly g-axis inductance 0,956 mH
Ts stator resistance 021 Q
Jm permanent magnet flux linkage 0,043 Wb
B viscous friction coefficient 0,001 Nm/(rad/s)
J inertia of the rotor 0,015 kg.m?
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Fig. 7. Dynamic response of the proposed 7LTHC for step change of reference
torque from 0 Nm to 2 Nm.

(Vir) that have the best performance in terms of dynamic response
time. On the other hand, the torque response time is 0.544 ms
when selected small-slow torque response vectors (Vss). The
response time of the proposed 7LTHC that uses V¢ in transient
state operation has 0.129 ms which is the best response time, as
shown in Fig. 7.

6.2. Steady-state performance

Performances of steady-state are analyzed according to actual
speed of the motor without using observer. Fig. 8 shows the torque
ripple of the 3LTHC that using different voltage vector groups for
the steady-state operation in various actual speed conditions for
the load torque fixed to 2 Nm. It is seen that the torque ripple is
increased with the increase in the magnitude of voltage vector.
The fast torque response vectors have also increased the ripple of
torque compared to slow response vector groups. The torque ripple
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Fig. 8. Comparison of torque ripple for different voltage vector groups at various
speed and load torque of 2 Nm at three-level controllers.
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Fig. 9. Comparison of torque ripple for different voltage vector groups at various
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equation which is derived by using the root mean square error [36]
is given by:

1¢ .
Teme = 7 Z (Te(i) - Teﬂvg)z

i=1

(27)

where Te(i) and Teqg are the instant torque value and the average
value of torque, respectively, also n represents the number of
samples.

As seen in Fig. 8 and Fig. 9, the torque ripple of three-level con-
trollers is almost the same value both at varying speed conditions
with fixed load and varying load conditions with fixed speed.
Besides, the current harmonics have reduced at increased load tor-
que and fix speed conditions as shown in Fig. 10. However, it is
almost the same value at increased speed and fixed load as
depicted in Fig. 11. The groups of small vectors (Vss and Vsg) better
reduce to ripple of torque, while the groups of fast vectors (Vsg and
Vwmr) better eliminate the current harmonics. For this reason, the
proposed 7LTHC is compared with the small vector groups (Vss,
Vsg) of the 3LTHC in terms of torque ripple while the proposed
7LTHC is compared with the small-fast and the medium-fast vector

25 T T
o SS
< 20t v
Q SF
=z Vs
BEpsp—— 1, v
g ———¢[* "mF
E 10¢ + + Vi
@] Vi

5 : :

300 600 900 1200

Speed (rpm)

Fig. 10. Comparison of stator current THD for different voltage vector groups at
various speed and load torque of 2 Nm at three-level controllers.
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Fig. 11. Comparison of stator current THD for different voltage vector groups at
various load torque and reference speed of 1200 rpm at three-level controllers.
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Fig. 12. Comparison of performance between the proposed 7LTHC and 3LTHC (VSS,
VSF, VMF). (a) torque ripple for varying speed in 7LTHC, VSS, and VSF schemes, and
(b) current THD for varying speed in 7LTHC, VSF, and VMF schemes, and (c) torque
ripple for varying load torque in 7LTHC, VSS, and VSF schemes, and (d) current THD
for varying load torque in 7LTHC, VSF, and VMF schemes.

groups (Vsg, Vi) of the 3LTHC in terms of current distortion, and
the results are presented in Fig. 12.

The proposed 7LTHC has reduced the torque ripple as much as
the small-fast vectors under both the same load condition which is
2 Nm and the same speed condition which is 1200 rpm, as depicted
in Fig. 12(a) and (c). Also, the proposed method that applied the
small-fast vectors (Vsg) in steady-state operation has total har-
monic distortion as less as a three-level controller that applied
the Vsg, as shown in Fig. 12(b) and (d). Similarly, the proposed
7LTHC method has almost the same values with Vs in 3LTHC both
current harmonics and torque ripple at various load and fixed base
speed which is 1200 rpm. Hence, DTC based on the proposed
7LTHC band provides fast dynamic torque response while reduces
to the torque and stator current ripples as much as small-fast vec-
tors in the steady-state operation. Besides, the proposed 7LTHC
avoids applying Vss that causing an extreme increasing the current
harmonics even if it reduces of the torque ripples.

The dynamic performance of the proposed 7LTHC method is
affected by the PI controller that generates the reference torque
for the motor. Therefore, the Vir groups are mostly applied and
the Vi groups are rarely applied in the transient states. Similarly,
Vur groups are rarely applied in the steady-state operation, con-
trary to Vsg groups.

6.3. Performance of 7LTHC control strategy using SMO

To verify the correctness and robustness of the SMO combined
with ATO has implemented to the 7LTHC control strategy. The
observer gain (ksyo) and constant the parameter of sigmoid func-
tion (a) are set to 125 and 0.1, respectively.

The reference speed is increased from standstill to 120 rpm
which 10% of base speed, and then is changed from 120 rpm to
600 rpm which 50% of base speed, and finally is accelerated from
600 rpm to 1200 rpm which is base speed. The motor run under
no-load torque condition in this test. The change in actual speed
(wqer) and estimated speed (wes) according to reference speed
(wref) is shown in Fig. 13. Moreover, Fig. 13 shows the zoomed-in
view of each speed value. The ripple of estimated speed is almost
the same at 600 rpm and 1200 rpm that is 2.48 rpm and
2.47 rpm, respectively. However, the ripple of speed is 6.08 rpm
at 120 rpm as the biggest value in steady-state condition.

Fig. 14 shows the waveform of the speed estimation error. In
steady-state conditions, the speed error between actual and esti-
mated speed is bounded between +38 rpm and —20 rpm at
120 rpm. At 600 rpm, the error has changed between +5 rpm and
—8 rpm. The error has also changed between 3 rpm and —4 rpm
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Fig. 15. Estimated and actual rotor electrical position.

at 1200 rpm. The maximum speed error is 58 rpm in the transient
condition.

Fig. 15 shows the comparison of the estimated rotor electrical
position with the actual rotor electrical position. The applied
SMO combined with ATO has small oscillations and some delay
while the observer has good accuracy and tracking performance.

The position error between the estimated rotor electrical posi-
tion (6.:) and the actual rotor electrical position (6,) is displayed
in Fig. 16. The position estimation error various around 0.1 rad at
120 rpm. It is around 0.05 rad and 0.04 rad at 600 rpm and
1200 rpm, respectively. The maximum position estimation error
is around 0.39 rad when speed is changed from 0 rpm to
120 rpm for transient state.

Fig. 17 shows the performance of electromagnetic torque ripple
of the proposed 7LTHC method according to both measured speed
and observed (estimated) speed under 2 Nm at 1200 rpm in
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Fig. 17. Actual torque waveform for the proposed 7LTHC method under 2 Nm. (a)
with measured speed (b) with observed speed.

steady-state condition. The torque ripple is 0.072 when controlled
according to the measured speed, while the torque ripple is 0.089
according to the observed speed, as shown in Fig. 17(a) and (b).
The phase current waveform and spectrum for the proposed
7LTHC method with measured speed under 2 Nm load torque are
depicted in Fig. 18. Fig. 19 also shows the phase current waveform
and spectrum for observed speed by SMO. While the THD is 7.59%
in the measured speed condition, in the observed speed condition
the THD is 7.95%. In other words, there has been an increase of 4.7%
for THD in the observed speed condition according to the measured
speed condition. However, it can be seen that the phase currents
have nearly sinusoidal waveform as much as in the measured
speed condition when the observed speed condition were applied.
The stator flux location in the stationary reference frame for the
proposed 7LTHC method at operation condition, as shown Fig. 13,
is presented in Fig. 20. The stator flux is circular by nature o-axis
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S

n

=4
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Mag (% of Fundamental)
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Fig. 18. Stator current and THDI for phase A under 2 Nm load at 1200 rpm with
measured speed.
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Fig. 20. Stator flux of o-p axis for proposed 7LTHC method. (a) with measured
speed (b) with observed speed.

flux is quadrant to B-axis flux. Also, the stator flux is as smooth as a
circle because of reducing flux ripples by the 7LTHC with the mea-
sured speed condition as shown in Fig. 20(a). As can been seen
from Fig. 20(b), the shape of stator flux is nearly decagon due to
the effect of chattering when the motor is accelerated from
600 rpm to 1200 rpm with the observed speed condition.

7. Conclusion

In this paper, the proposed 7LTHC is compared with the 3LTHCs
that use of the voltage vector groups of the different amplitudes in
terms of minimizing torque ripple and current distortion and
dynamic torque response speed for five-phase IPMSM. The meth-
ods are implemented using Matlab/Simulink and tested under vari-
able load and variable speed conditions. The amplitude of the
voltage vector is directly related to the current ripple, and response
time and ripple of the torque. The voltage vectors of the same
amplitude can also have different response times due to the tan-
gential component’s magnitude for the same sector. Simulation
results revealed that the 7LTHC that using the fast torque response
vectors reduces both the torque ripple and current distortion in the
steady-state while improving the torque response in the transient
state. Meanwhile, the medium voltage vectors minimize torque
ripples at the end of transient state conditions to eliminate the
overshoot, while it can be increased torque ripples in the steady-
state. Also, sigmoid function-based SMO combined with ATO is
applied for sensorless speed control of the proposed 7LTHC
method. The simulation results validate the SMO ensures to the
estimation of precise rotor position as much as position sensors.
In the future, this paper can be extended by investigating the effect
of d3-q3 stator flux components when is used the 7LTHC that
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