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Abstract: The hysteresis band controller offers excellent dynamic performance. It has been widely researched and applied
for the voltage source inverter and inverter fed drives, however it has not been investigated within the context of a matrix
converter or a matrix converter based motor drive. In this paper, both fixed-band and sinusoidal-band hysteresis current
controllers are proposed and developed for a direct matrix converter. A comprehensive comparative evaluation of the two
methods is then carried out. Both methods have fast dynamic performance and they inherently integrate the line modulation
technique of the virtual rectifier stage into the overall modulation. Surge currents are prevented with the proposed scheme.
The sinusoidal-band hysteresis controller demonstrates lower total harmonic distortion at the expense of higher average
switching frequency, which is only significantly observable at very high sampling frequencies. The proposed controller is
integrated with the field-oriented control to drive a matrix converter fed permanent magnet synchronous machine. The
proposed methods are simple and incur a light computational burden, which advances the practical applications of matrix
converters in AC motor drives. The simulation and experiment results demonstrate the effectiveness and feasibility of the

proposed scheme.

1. Introduction

Field-oriented control (FOC) is a classical control
approach for electrical machines and it is the most commonly
employed linear control strategy for medium- and low-power
motor drives [1]. Nowadays, FOC-based electrical drive
systems are mature and utilized extensively in high-
performance drives [2]. Current controllers are vital
components in the FOC method. Meanwhile, electrical drive
systems composed of an induction motor (IM) and a voltage
source inverter (VSI) are prevalent in adjustable speed drives
in industry [3]. For the VSI based drive system, current
controllers are preferred for the high-performance drives
because of their excellent dynamic behaviour. Among these
current controllers, the hysteresis band (HB) current
controller features inherent current limiting capability,
robustness, no modulation stage, and simple implementation,
in addition to the excellent dynamic and tracking
performance [4]. The HB controller has been mainly used in
the VSI, and active research on this includes constant
switching frequency control [5], online computation of bands
[6], and multi-band hysteresis control [7][8]. In [9], a
comparative study of fixed-band and sinusoidal-band
hysteresis current controllers (F-HB and S-HB) was carried
out for VSIs; however, hysteresis bands are impractical and
the comparison needs further evaluation for various band
widths and sampling frequencies. In the literature, there is no
detailed published research on either F-HB or S-HB control
for a direct matrix converter (MC) [10].

In VSI-fed motor drive systems, a dynamic braking
chopper is usually required to absorb the kinetic energy
generated during motor deceleration or from a generator
operational mode unless back-to-back converters are used.
These will make the system bulkier, decrease the efficiency
and increase the complexity.
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Fig. 1. (a) A direct 3x3 MC structure with filters, (b) the
FOC controlled drive system with VSI or MC.

These problems can be addressed with the MC based
drive system using F-HB and S-HB control techniques. A 3x3
direct MC, as shown in Fig. 1(a), is a flexible power converter
which is capable of bidirectional power flow, sinusoidal
waveform, regenerative ability, controllable input power
factor and compact volume [11]-[13]. With an MC-based
drive system, one significant benefit is that the braking
chopper is removed as shown in Fig. 1(b). Therefore four-
quadrant operation is enabled. In addition to motor drive



applications, the MC and its derivatives have been proposed
for numerous applications including aerospace systems [14],
microgrids [15], FACTS [16] and electric vehicles [17].

In terms of MC fed motor drives, most research is
focused on the induction machine [18]-[20] while only few
are concerned with the permanent magnet synchronous
machine (PMSM) [21]. PMSMs are more efficient compared
with the induction motor since they do not have rotor current
and this reduces the overall losses; and PMSMs have
permanent excitation so no excitation current is required.
Other merits of the PMSM include high torque-to-current
ratio, low inertia and compact design. Because of these, the
PMSM is gaining increasing interest and popularity in high-
performance variable-speed drives. In an MC-based PMSM
drive system, the favourable features of the MC and PMSM
can be combined for a high-performance drive application.

For the control of MC-based drives, many methods
have been proposed. Direct torque control (DTC) and
predictive torque control (PTC) have been researched for the
MC-based drive systems [18]-[24]. With regards to DTC
control, the known issues of high torque ripple especially in
low-speed operation, persist. In the case of predictive control,
the computing burden is heavy because of the high number of
switch actions (27 possibilities) of the MC. Another standard
control strategy is the space vector modulation (SVM) based
proportional-integral (PI) controller. This controller requires
an SVM modulation stage and has more demands in terms of
parameters tuning. This is because of an extra current PI
controller is introduced, in addition to the common speed Pl
controller. This controller also requires two synchronous
reference frame transformations (abc < dg). In contrast, the
proposed control requires only one Pl controller and one
frame transformation. In fact, the FOC based method is rarely
investigated for MC based motor drives. HB and HB-based
FOC for a 3x3 direct MC in an MC-based drive remain
unexplored even though the HB controller is simple and has
a low computational burden.

This work proposes and studies the HB current
controller and HB based FOC for an MC fed PMSM drive.
Several features of the MC and PMSM can be integrated into
one system. Compared with space vector modulation (SVM)
based control strategies [25], the proposed controller does not
require an extra modulation stage but includes the modulation
of the virtual rectifier stage of the MC. The proposed HB
controller  requires only one synchronous frame
transformation (dq — abc) when used in an MC fed motor
drive. This reduces the complexity and reduces the
computational burden. Both F-HB and S-HB current
controllers are developed and compared. Both methods
demonstrate good dynamic features. Comparative results
show that the S-HB controller has less low-order harmonics
and lower total harmonic distortion (THD) at the cost of the
higher average switching frequency. However, according to
the comparative studies, the better performance of the S-HB
in terms of THD is only appreciably observable when the
sampling interval is very short. Furthermore, HB current
controllers are integrated with the FOC to drive a PMSM with
an MC. S-HB shows slightly lower stator currents and torque
ripple. The braking chopper is not required in this structure.
The proposed method is very simple, effective and practical
to implement; this is an advancement with respect to
industrial applications of the MC-based drive system.

2. HB controller for the MC output currents

2.1. MC Basics

As shown in Fig. 1(a), a three-phase direct MC consists
of nine bidirectional semiconductor switches. The
arrangement of these switches forms a 3x3 switch matrix
expressed by

Va SAa SBa Ca VA VA
Vo |=|Sw Se Sep || Ve |=S|Vs (1)
v, Sac See See || Ve | Ve
iA SAa SAb SAc ia | ia
{is =[Se Sg  Sec |:ib =S Iy (2)
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> S =1 (x=a,b,c) (3)
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where S (transpose ST) is the switch matrix which controls the
MC output voltages and input currents. The elements Sxx in
the switch matrix can be assigned either a value of one (for
the on state) or zero (for the off state). va s, ¢, ia B, ¢, Va b, c and
ia b ¢ are the input and output phase voltages and currents
respectively (denoted in Fig. 1(a)).

The constraints (3) are applied to exclude switch states
that short-circuit the inputs (usually voltage sources) and that
open-circuit the outputs (usually inductive loads). With any
control strategies, this constraint should be complied with.
Otherwise, overcurrent and overvoltage will be generated
which can damage devices. Therefore, there are 27 switch
states allowable in the matrix which represent 27 control
actions (finite control set).

2.2. Fixed-Band Hysteresis Control for MC
The rationale of HB controller is simple. The HB

current controller for the VSI is illustrated in Fig. 2(a) for one
of the phases and described by
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where I is the amplitude of the reference current and h is the
hysteresis controller band width and it is fixed (F-HB, Fig.
2(c)). bret and wrer are the initial phase angle and angular
frequency of the phase a reference current. iypper and ijower are
the upper and lower bands of the HB current controller. i is
the actual current of phase a. Vg is the DC link voltage and
Vqo IS the applied voltage across output phase a and the neutral
point of DC link. The control law (5) is straightforward.
When the actual current exceeds the upper band, the
upper/lower leg is turned off/on to reduce the current and vice
versa. Therefore, the actual currents will always be regulated
to stay within the prescribed boundaries in theory. Similarly
the HB current controllers for an MC can be developed.



In terms of the MC, the upper and lower bands in (4) general, there are three levels of voltages available in MC
for the F-HB are shown in Fig. 2(b). The controller law is rather than two in VSI. This flexibility benefits the

obtained in a manner similar to VSI with modifications. In implementation of multi-band HB control [26].
Fig. 2(b) single phase current control is depicted and the
maximum or minimum voltage is selected to increase or 2.3. Sinusoidal-Band Hysteresis Control for MC
decrease the currents where:
S - The sinusoidal bands are shown in Fig. 2(d) and can
Ifi,>i__,v. = minimum (v,,vg,V,
a " eper?Ta (Var Vo Ve ) (6) be expressed as

if i, <igye vV, = maximum (v,,Vg, Ve )

It is worth noting that the MC offers more flexibility
compared with VSI as it offers more voltage choices. In
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Fig. 2. HB current controller diagrams: (a) HB for the VSI, (b) HB for the MC, (c) F-HB band, (d) S-HB band.



Table 1 Switch states look-up table of F-HB control for MC.

| 1l 1 v Vv VI
001 Spar Sab, Sae Saa, Sab, Sce Sga, Seh, Sce Sga, Seb, Sac Sca, Sch, Sac Sca, Scb, Sse
010 Spa S, Sac Saa Sc, Sac Sga, Sch, Sse Sga, Sab, See Sca, San, Sce Sca, Seb, Sce
011 Sha, Seb, See Shaa Scb, Sce Sga, Scb, Sce Sga, San, Sac Sca, Sab, Sac Sca, Seb, Sse
100 Sga, San, Sac Sca, San, Sac Sca, Seb, Ssc Sha, Seb, See Shaa, Scb, Sce Sga, Scb, Sce
101 Sga, San, See Sca, San, Sce Sca, Seb, Sce Sha, Seb, Sac Spas Scb, Sac Sga, Scb, Sse
110 Sga, Sb, Sac Sca, Scb, Sac Sca, Sch, Ssc Saa, Sab, See Spa, Sab, Sce Sga, Seb, Sce

. h
Iupper = Iref + stm ((oreft + aref )

iIower = Ire gjsm(a)reft +6ref )

With S-HB, the control law is slightly modified as the
relative locations of upper and lower bands are alternated
every half cycle, for a-phase:

U]

For i > 0, ifi, > iV, = minimum (v,,v,,Vc )
e (®)

if i, <iiger: Vo = Maximum (v,,vg, Ve )
For i < 0, ifi, > i, V, = maximum (v,,Vg,Vc ) @
9

if i, <iigyer, Vo = Minimum (v,, Vg, Ve )

where irer = lrer Sin(wrert + Brer) 1S the reference current. If the
reference current is in the positive half cycle and when the
actual current exceeds the upper band, the voltage which
enables current reduction is selected; when the actual current
reaches the lower band, the voltage which drives current
increase is selected; see (8). Alternatively, if the reference
current is in the negative half cycle and when the actual
current exceeds the upper band, the maximum voltage which
is able to increase the current is employed; when the actual
current reaches the lower band, the minimum voltage which
can decrease the current is used; see (9). Therefore, the actual
currents can be theoretically controlled to be within the region
with the predefined band-width. The above methods are
demonstrated for a single-phase case and it can be readily
extended to the three-phase case because of symmetry.

3. Overall modulation of MC

A switching look-up table for the F-HB can be derived
and this is shown in Table 1. It is based on the hysteresis
controller and input voltage sectors (Fig. 2(b)). The F-HB
hysteresis comparator outputs, which are used as indices in
the look-up Table 1, are described by

HB, =0,if I, <1
HB, =1,if 1, > |

x—lower X = a,b,C (10)

X—upper

The output values in (10) correspond to the digits of
the first column in Table 1. For example, the index 001
indicates ia < ialower, ib < ib-lower @Nd ic > ic-upper. The input
voltage sectors, which show the amplitude relationships of
the input voltages, are used to determine the switch states. For
instance, if the input voltages are in Sector I, switches Saa, Sap
and Sgc are turned on since va iS maximum and vg is
minimum; see Fig. 2(b). Therefore, ia and i, will increase
while ic will decrease. A switching look-up table can also be
obtained for the S-HB controller in a very similar manner,
therefore it is not shown here to avoid redundancy. There are

18 MC switch states in Table 1; they correspond to 18 active
MC vectors.

The above methods integrate the line-commutated
modulation of the MC input currents. To explain this, the
overall MC modulation is divided into a virtual rectifier and
a virtual inverter stage as shown in Fig. 3(a). These two
virtual stages can be modulated independently using different
methods. The output current of the virtual inverter stage is
modulated with the VSI HB control, while the input current
of the virtual rectifier stage is regulated with a line-
commutated approach. For example, in F-HB, if the output
phase a current i, reaches the lower band (ia < ia-lower) and the
maximum input voltage is vg at this moment, then Spa and Sps
in Fig. 3(a) are turned on in order to increase the current ia.
Turning on the switches Spa and Spg results in the connection
between the output phase a and input phase B. Therefore, the
equivalent switch Sga in Fig. 1(a) is switched on. The same
rule applies to other situations. As a consequence, the input
currents are controlled automatically. An equivalent look-up
table can be tabulated based on this. It is worth noting that
different modulation techniques, such as SVM, for the virtual
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stage for the overall modulation explanation, (b) HB-
FOC controller diagram for MC based PMSM drive.



rectifier stage, can be incorporated into the overall
modulation scheme to control the input currents.

4. FOC with HB controller for PMSM

4.1. PMSM Model Description

In this section, FOC is implemented for the MC based
PMSM drive system using the HB current controller. The
FOC converts the AC motor dynamics so they are similar to
an equivalent DC motor where the torque and flux are
decoupled. FOC relies upon the fact that the motor rotor flux
and torque can be controlled through the d and q components
of the stator current which are usually provided by a current-
controlled PWM inverter. This is achieved by using the abc
to dq fame transformation,

cos(6,) cos(b, - 2?”) cos(0, + 2?”)
i i
¢ . . 27 . 2z || .°
—-sin(6,) —sin(6, —?) —sin(é, +?) i,
iC

0.5 0.5 0.5

(11)
and the reverse transformation,
| cos(6,) —-sin(6,) 1 |
2 2r . 2r .d
=|cos(d, —==) —sin(0,—==) 1

b (0, 3) sin(é, 3) I

le 27 27 !
cos(6, +?) —sin(, + ?) 1 (12)

where i, b, care the three phase currents in the abc system and
i, g, 0are the currents in dg system. i = O for a balanced three-
phase system. 6 is the synchronous reference angle which
can be obtained from an encoder.

Using synchronous reference frame transformations,
the PMSM model equations can be obtained for the FOC
control [27] and they can be expressed as

dig Ve Ry Ly,

i Ll Iy + L P, i, (13)

diq _Va R L oV Pay,

gt L, L LT (14)

vy = Lylg 4 7 (15)
dée
—~ = 16
ol (16)

3 . .
T, =5 PLwio + (L = i | (17)

where Lq and Lq are PMSM d- and g-axis inductance; p is the
number of pole pairs; Rs is the stator resistance; s is the flux
established by permanent magnet; wq and yq are stator flux
components in d and q axis; vq and vq are the stator voltage
components in the dg axis; @ is the rotor angular position, and
wnm is the rotor speed. Te is the electromagnetic motor torque.
" in the figures is the rotor speed reference. In the tested
surface-mounted PMSM, Lq = Ly because the permanent
magnets are surface mounted and the inductance in every
position is same, which simplifies (17) to

q

3 . .
T == I =1 T
e o Py q 3pr e (]_8)

If ig = 0 holds, the maximum torque per ampere control can
be achieved for the tested non-salient pole PMSM. The
electromagnetic torque generated by a PMSM can be
controlled by the g-axis component of the stator current. In
order to carry out the coordinate transformation (dg — abc)
in (12), the rotor position is obtained from an encoder. The
torque reference T." can be either specified by the operator or
obtained from a closed-loop speed controller. Here a Pl
controller is used to generate the torque reference from the
rotor speed error. The obtained iq" reference together with ig"
are converted into i“apc in the abc frame and then sent to the
MC HB controller.

Table 2 Matrix converter input power supply, filter and load parameters.

Vsa (V) fs(Hz) La(mH)

ra(Q) Cas(uF) RL(Q) L (mH)

40 50 4.8

30

15 5 10

Table 3 PMSM system and controller parameters for F-HB based MC-PMSM drive.

Rs(Q) Lg(mH) Lg(mH) p J(kg-m?) ¢f(Wh) on(rpm) Tn(N-m) Kk, k h Ts(S)
1.8 14.2 159 3  0.002 0.1057 1500 4.5 0.05 1 0.02 50x10°
Table 4 Comparative results for performances of F-HB and S-HB.
Ts (us) 10 30 50 100
h (A) 002 005 01 | 002 005 01 |002 005 01 |002 005 01
THD (%) F-HB 073 119 183|191 200 301 | 337 306 354 | 680 6.64 6.42
S-HB 068 074 108 | 205 202 208 | 3.38 336 335 | 684 6.98 6.87
Average F-HB 985 695 452 | 393 354 275|243 233 203 | 125 121 1.17
switching
frequency S-HB 104 89 875|395 359 317 | 244 233 211 | 123 122 119
(kHz)




If ig = 0 holds, the maximum torque per ampere control sensors are used to measure the motor speed and currents. The

can be achieved for the tested non-salient pole PMSM. The speed controller adopted in this work is a common PI
electromagnetic torque generated by a PMSM can be controller whose parameters are given in Table 3.

controlled by the g-axis component of the stator current. In

order to carry out the coordinate transformation (dgq — abc) 5. Simulation and experimental results

in (12), the rotor position is obtained from an encoder. The
torque reference Te" can be either specified by the operator or
obtained from a closed-loop speed controller. Here a PI
controller is used to generate the torque reference from the
rotor speed error. The obtained iq" reference together with ig"
are converted into i*anc in the abc frame and then sent to the
MC HB controller.

5.1. Simulation Results

The simulated system and controller parameters,
unless elsewhere specified, are tabulated in Tables 2 and 3.
The loads under test are three-phase inductive loads. The
steady-state simulation results of F-HB and S-HB tracking
reference currents iapc-ret = [35iN(12077) 3sin(120nt-27/3)
3sin(120z1+27/3)] A under various sampling intervals and
HB bands are tabulated in Table 4. As summarized in this
table, S-HB exhibits better THD performance, while average
switching frequencies are higher though. These are only
appreciably observable when sampling interval is sufficiently
short.

4.2. HB-FOC Controller Design

Based on the model derived above, the FOC controller
combined with the HB controller can be designed for the MC
based PMSM drive as shown in Fig. 3(b). The HB controller
generates gating signals for the semiconductor devices and
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The dynamic responses of the F-HB and S-HB
controllers are shown and compared in Fig. 4. Here h = 0.05
A and T, = 20 ps. The current references are iac =
[1.5sin(60x7) 1.5sin(607t-27/3) 1.5sin(60xt+27/3)] A before
0.025s and [3sin(100x7) 3sin(1007z-27/3) 3sin(100xt+27/3)]
after 0.025s. According to the simulation results shown in
Fig. 4(a) and (b), it is convincing to say that both methods
present excellent dynamic performance in regulation
currents. Compared with F-HB, the THD values are reduced
from 3.74 % and 1.54 % to 2.75 % and 1.17 % respectively
in the S-HB while the average switching frequencies are
relatively higher. This can be observed in Fig. 4(c) to (f).
From the fast Fourier transform (FFT) analysis, in Fig. 4(c)
and (d), for the second part of the current, it can be seen that
harmonics are reduced in a wide range whereas the second-
order harmonic is increased. The average switching
frequencies (shown in Fig. 4(e) and (f)) and consequential
switching losses are not very high. The superior performance
of S-HB is observable only when the sampling interval is
small (high frequency). Therefore, for the practical
implementation, it is not worth considering S-HB.

The simulation work of the proposed control strategy
for the MC based PMSM drive was carried out and simulation
results are presented in Fig. 5. The parameters of the rotor
speed PI controller are k, = 0.5 and ki = 0.55. Transient
behaviour of the PMSM stator currents, rotor speed and
electromagnetic torque are shown under a speed change from
500 to -300 rpm when the load torque T, = 1.5 N-m. As
observed from the figure, the proposed control strategy shows
good regulation performance. F-HB and S-HB methods have
very similar performances. S-HB has a slightly lower current
THD (5.85%) than F-HB (5.99%). The torque ripples of the
S-HB range from 1.336 to 1.626 N-m while the torque ripples
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Fig. 5. Simulation results of HB-FOC for MC based PMSM
drive system in response to the speed change from +500 to -
300 rpmat1swhen T, = 1.5 N'm.

(a) F-HB, (b) S-HB.

of the F-HB range from 1.333 to 1.639 N-m. These
demonstrate slightly better performance for S-HB.

5.2. Experimental Verification
ADC Conditioning Circuit
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Fig. 6. The experimental set up: (a) MC hardware board, (b)
PMSM test bench.
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Fig. 7. Experimental results of HB-FOC controlled MC
based PMSM drive (steady-state results 1): (a) PMSM stator
currents when o = 10 rpm and T. = 1.5 N'm, (b) PMSM
stator currents when « = 50 rom and Ty = 1.5 N'm.
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In order to verify the feasibility and effectiveness of
the proposed strategy, the experimental work was
implemented in a scaled-down MC-based drive system. The
experiment set up is shown in Fig. 6. The clamp circuit is not
shown in the figure, however, it is used in the hardware to
protect devices from overvoltage. The bidirectional switches
(IGBTS) are arranged in the common collector configuration.
As a result, only six independent driver power supplies are
required for driving eighteen IGBTSs. The control card was a
Tl TMS320F28377D series DSP board. Real-time control
implementation was carried out in MATLAB/Simulink with
C2000 hardware support packages. A serial communications
interface (SCI) was used for the communication between the
host and DSP card. An enhanced quadrature encoder pulse
(eQEP) was used to obtain the rotor angular position, thus the
motor speed. The motor encoder used had 2000 lines which
is a high resolution encoder. Analog to digital conversion

[
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Fig. 8. Experimental results for HB-FOC controlled MC
based PMSM drive (steady-state results 2): (a) PMSM stator
currents when @ = 500 rpm and T, = 1.5 N-m, (b) MC input
phase voltage and current when o = 300 rpm and T. = 1.5
N-m, (c) PMSM torque performance when @ = 300 rpm and T,
= 1.5 Nm.

(ADC) and peripheral circuits were employed to process the
signals from voltage and current sensors.

Parameters of the tested surface-mounted PMSM are
tabulated in Table 2. Since the performances of the F-HB and
S-HB based controllers are very similar and S-HB renders
heavier computation burden, here only F-HB is tested on
hardware to demonstrate the effectiveness of the controller
for the MC-based drive. The code execution time was around
25 ps, which is a light computational burden. The sample time
should be higher than the execution time so that the code has
enough time to be executed during each sample interval.

In the experimental results, all THD values are shown
for the stator current of phase a. The steady-state
performances are presented in Figs. 7 and 8. Fig. 7 shows the
steady-state results for the low speed operation (10 and 50
rpm) with a load torque of 1.5 N-m applied. Sinusoidal stator
currents were obtained with the proposed control strategy.
The stator current THDs are relatively low, i.e., 5.37% and
2.99% for speeds of 10 and 50 rpm respectively. These results
validate that the proposed controller is effective in regulating
low-speed operation. Fig. 8 shows the steady-state regulation
performance of the proposed controller for relatively higher
speeds. Fig. 8(a) shows the steady-state stator currents for 500
rpm with a 1.5 N'm load applied. The THD for the stator
current is 4.09%. In Fig. 8(b) and (c) the rotor speed is 300
rpm and a load torque of 1.5 N-m is applied. The input current
is usually not a control objective in the VSI based motor drive
system; however, with the proposed approach, the MC input
currents were regulated and the results are shown in Fig. 8(b).
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Fig. 9. Experimental results of HB-FOC controlled MC
based PMSM drive (transient results 1): (a) PMSM stator
currents, rotor speed and g-axis component current
responses to command speed step change from 50 to 300 rpm
when T, = 1.5 N'-m, (b) PMSM stator currents, rotor speed
and g-axis current component to load torque step change
from 0 to 1.5 N-m when @ = 500 rpm.



The input power factor is around one (unity power factor
operation) in this case. The input current is distorted. This is
because it is regulated by the inherent line-commutated
modulation of the proposed hysteresis band current
controller. The PMSM electromagnetic torque is shown in
Fig. 8(c).

The experimental results of the transient behaviour are
shown in Figs. 9 and 10. Fig. 9 shows the results when the
output power is increased either by increasing the rotor speed
or the applied load torque. Fig. 9(a) shows the PMSM stator
currents, rotor speed and g-axis current responses to a speed
change from 50 to 300 rpm when a load Ty = 1.5 N-m is
applied. Fig. 9(b) demonstrates the PMSM stator currents,
rotor speed, and g-axis current responses to the step load
change from 0 to 1.5 N-m when the rotor speed is maintained
at 500 rpm. As seen from these figures, the proposed control
strategy can track and maintain the target speed effectively.
Fast dynamics are achieved, while with the overshoot
appearing in the waveforms. By tuning the P parameters, the
dynamic performance and overshoot can be adjusted. Fig. 10
shows the test results when the output power is decreased by
reducing the rotor speed. In Fig. 10(a), the PMSM stator
currents and MC input current are shown for PMSM
deceleration from 350 to 250 rpm when the load torque is 1.5
N-m. The rotor speed and g-axis current for this test are
shown in Fig. 10(b). These results show good regulation
performance of the proposed controller during deceleration.

From the above simulation and experimental results,
the effectiveness of the MC based PMSM drive system under
steady-state and transient tests is demonstrated. The THDs of
the stator current under various tests are low, ranging from
2.99% to 6.63%. The proposed control method is simple and
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Fig. 10. Experimental results of HB-FOC controlled MC
based PMSM drive (transient results 2): (a) PMSM stator
current and MC input current response, (b) PMSM rotor
speed and g-axis current component response to command
speed step change from 350 to 250 rpm (deceleration) when
TL=1.5Nm.

practical for real-world applications such as many adjustable
speed motor drives.

6. Conclusions

The hysteresis band controller based on FOC is
popular in VSIs and motor drives based on VSIs; however, it
has not been reported in the literature for a direct 3x3 MC or
MC-based drive system. This paper introduces the HB current
controller to the MC and MC based AC drive system. This
method is simple and the computation burden is light. Both
the fixed and sinusoidal band HB controllers that are
developed involve inherent modulation of the input currents,
and simulation results are evaluated comparatively. S-HB has
better harmonic performance and higher average switching
frequency. It is shown that S-HB has significantly superior
performance over F-HB only at high sampling frequencies.
The input current regulation is achieved through the line-
commutated modulation. Better input currents regulation
results can be achieved by integrating other methods, such as
SVM, into the overall modulation. With the MC based drive,
the braking chopper is not required. It is important to state
that this scheme cannot only be applied to the PMSM but also
to other machines such as induction motors. The proposed
scheme is explicit, effective and suitable for practical
applications.  Experimental results demonstrate the
effectiveness of the proposed controller and MC in driving
PMSM.
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