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Abstract. This paper describes an active filter topology to improve the performance of hysteresis direct torque control (HDTC) of interior permanent magnet
synchronous motor (IPMSM). The filter topology consists of an active filter and
two RLC filters, and is connected to the main power circuit through a 1:1 transformer. The active filter is characterized by detecting the harmonics in the motor
phase voltages and injecting equivalent harmonic voltages to produce almost sinusoidal voltage waveform to the motor terminals. The active filter uses hysteresis
voltage controller while the motor main circuit uses hysteresis direct torque control. The simulation results of this combined control structure show considerable
torque ripple reduction in the steady state range and adequate dynamic torque performance as well as considerable harmonic voltage and EMI noise reduction.
Keywords. Interior permanent magnet synchronous motor; direct torque control;
stator flux linkage; active power filter; voltage harmonics; torque ripples.

1. Introduction
Hysteresis direct torque control (HDTC) of an interior permanent magnet synchronous motor
(IPMSM) involves direct control of stator flux linkages and generated electromagnetic torque
by applying optimum voltage-switching vectors to the inverter supplying the motor. Although
HDTC when compared to rotor field oriented control has many advantages such as elimination
of the d–q axis current controllers, elimination of rotor position required for transformation
and fast torque response (Zhong et al 1997), it has many disadvantages such as large switching harmonics and voltage harmonics supplied by the power inverter which constitute the
major source of harmonics in IPMSM. These harmonics cause many undesired phenomena
such as electromagnetic interference (EMI) and torque ripples that result in speed oscillations, mechanical vibration and acoustic noise, which reduce the performance of the drive
in demanding applications (Holtz & Springob 1996). These drawbacks are especially high
when the sampling period is greater than 40µs (Zhong et al 1997).
Figure 1 shows the basic structure of HDTC of IPMSM with switching (table 1) (Vas 1998;
Dan et al 2000; Luukko 2000). In figure 1, the switching of the inverter is updated only once
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Figure 1. The basic structure of HDTC for IPMSM.

when the outputs of the hysteresis controllers change states, which result in variable switching
frequency, and the associated large harmonic range and high current ripples, which affect the
passive filter and hamper its proper design.
Recently, many research efforts have been carried out to reduce the torque ripples and
harmonics in PMSM with varying degrees of success, Holtz & Springob (1996) and Springob
& Holtz (1998) successively investigated the different sources of torque ripple in permanent
magnet machines and explained that torque pulsations are generated by distortion of the stator
flux linkage distribution. From the stator slotting effects, unbalanced magnetization, and
secondary phenomena, they defined models based on a complex state variable approach for the
ripple generating mechanisms and presented a concept for the compensation of torque ripple
by a self-commissioning and adaptive control system, where a deadbeat current controller and
a current predictor were used. The effectiveness of their adaptive torque ripple compensation
was demonstrated by experimental results, where they achieved accurate deadbeat current
response, and improved the quality of the current waveforms. Luukko (2000) has improved
the switching table by inserting the zero vectors (i.e. V0 and V7 ) in vector selection algorithm
but however, no significant change in torque ripples and harmonics level have been observed.
Tan et al (2001) and Martins et al (2002) have used multilevel inverters to reduce torque
ripples and fixing switching frequency in AC drive systems, though it presents advantages such
as smoother waveform, less distortion and lower switching frequency over the conventional
inverters, it requires larger amount of switching elements, in addition the control strategy of
these topologies is very complicated. Tang et al (2004) and Chung et al (1998) have used
effectively space vector modulation to reduce torque and flux ripples in PMSM.
Many other researchers used filter topologies to improve waveform in PMSM. Sozer et al
(2000) have presented an inverter output filter topology for PWM motor drives to reduce
harmonics of PMSM, their proposed filter is composed of conventional RLC filter cascaded
with an LC trap filter, the scheme shows some effectiveness in reducing switching harmonics,
but however the voltage harmonics are still high and the trap filter used requires tuning to
adjust for switching frequency variation. Harrori et al (2001) and Kim et al (2002) have
proposed a suppression control method of the motor frame vibration and the rotational speed
vibration of PMSM utilizing feed-forward compensation control to suppress the harmonic
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 – output of flux hysteresis controller, τ – output of the torque hysteresis controller, Vi – switching logic to the inverter,
ϕs – stator flux position sector
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Table 1. Switching table for HDTC inverter.
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contents in the d–q control signals by repetitive control and Fourier transform. However, their
work has nothing to do with switching or voltage harmonics provided by the PWM inverter
supplying the motor.
In this study, a new filter topology is proposed to reduce torque ripples and voltage harmonic
noises in IPMSM with direct torque hysteresis controllers. The filter topology consists of a
series active filter (AF) and two RLC filters, one on the primary side and the other on the
secondary side of a coupling transformer. The AF is characterized by detecting the harmonics
in the motor phase voltages and uses hysteresis voltage control to provide almost sinusoidal
voltage to the motor windings.
2. The proposed system configuration
Series active power filters were introduced by the end of the 1980s and operate mainly as a
voltage regulator and as a harmonic isolator between the nonlinear load and the utility system
(Rudnik et al 2003). Since series active power filters inject a voltage component in series
with the supply voltage, they can be regarded as a controlled voltage source. Thus this type
of filter is adopted here to compensate the harmonic voltages from the inverter supplying the
motor.
Figure 2 shows a block diagram of the proposed system. The motor control block is hysteresis direct torque control as the one shown in figure 1 with switching (table 1).
The active filter storage capacitor CF which operates as a voltage source should be carefully
selected to hold up to the motor line voltage. The smoothing inductance LF should be large
enough to obtain almost sinusoidal voltage at the motor terminals.
The IPMSM equations in rotor reference frame are given as:

 

 

vsd
R + pLsd −P ωr Lsq
isd
0
=
+
,
(1)
vsq
P ωr Lsd R + pLsq
isq
eB
Te = (3/2)P (ψF isq + (Lsd − Lsq )isd isq )),

(2)

where,
vsd , vsq – d-axis and q-axis stator voltages,
isd , isq – d-axis and q-axis stator currents,

Figure 2. Block diagram of the
proposed filter topology.
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R – stator winding leakage resistance,
Lsd , Lsq – d-axis and q-axis stator inductances,
p = d/dt – differential operator,
P – number of pole pairs of the motor,
ωr – rotor speed,
F – rotor permanent magnetic flux,
eB = P ωr F – is the generated back emf due to F ,
T e – generated electromagnetic torque.
The proposed filter topology consists of three parts, one is the filter control circuit, the
other is the active filter power circuit, and the third is the transformer-RLC coupling part. In
the following sections, these parts are explained.
2.1 Active filter control circuit
The effectiveness of the active filter is mainly defined by the algorithm used to control the
switching signal of AF. These signals must allow voltage compensation with minimum time
delay. In this study, the method used to generate the voltage reference signals is related to
the control algorithm of the motor, which uses the motor model in rotor d–q reference frame
and rotor field-oriented control principles with monitored rotor position/speed and monitored
phase currents.
Figure 3 shows the AF control circuit. In this circuit, the required active filter switching
signals are generated by comparing generated reference signal V ∗ with the main inverter
measured output voltage. The comparison result Vsig is the desired voltage to be injected in
order to obtain sinusoidal voltage at the motor terminals. This required voltage is compared
with the actual output voltage of the active filter VAF and the resulted error is passed to
hysteresis controller to arrange the switching of the active filter in such a way as to have the
motor phase voltages approach sinusoidal waveform.
The reference sinusoidal voltage V ∗ which should be in phase with the main inverter
output voltage, is generated from the motor model in steady state (can also be calculated

Figure 3. The proposed AF control circuit.
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in the transient state from the same equations). The motor model, in synchronously rotating
reference frame shown in (1), can be rewritten in the steady state as:


 
 

Vsd
Isd
R −Xsq
0
=
+
,
(3)
eB
Vsq
Xsd R
Isq
where, Xsd and Xsq are d and q axis reactances.
Under the base speed operation, speed control can be achieved by forcing the stator current
component isd to be zero while controlling the isq component to be directly proportional to
the motor torque Te as in,
Te = (3/2)P ψF isq .

(4)

Therefore, given the reference torque value, the steady state q-axis current can be extracted
from (4) and hence the steady state d- and q-axis voltages can be calculated as:
Vsd = −Xsq Isq ,

(5)

Vsq = RIsq + P ωr ψF .

Once the values of d-axis and q-axis voltage components are obtained, Park / Clarke
transformation can be used to obtain the reference sinusoidal voltages as:
 ∗


1
0
va



√
Vsd
 ∗

 cos θ − sin θ
3/2 
,
(6)
 vb  = K  −1/2
Vsq
sin θ cos θ
√
∗
vc
−1/2 − 3/2
where, K is the transformation constant and θ is rotor position.
2.2 Active filter power circuit
Figure 4 shows simplified per-phase equivalent power circuit of the proposed filter topology
(the passive RLC filters are not shown).
+
−
In this circuit, Vinv is the voltage of the main inverter circuit, VCF
and VCF
are equivalent
compensated voltage sources of the active filter. In order to generate the required compensation

Figure 4. Simplified per-phase equivalent power
circuit of the proposed filter topology (the RLC
filters are not shown).
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Figure 5.
Coupling circuit
between AF and main inverter on
one side and IPMSM on the other.

voltages that follow the voltage signal vsig , the switches SW1 and SW2 are controlled to keep
the motor winding voltages within the acceptable hysteresis band. The motor line current
im is controlled within the motor main control circuit with hysteresis controllers to provide
the required load torque; therefore, two hysteresis controller systems, one for voltage and
the other for current are working independently to supply the motor with almost sinusoidal
voltage. This voltage can be estimated as:
±
Vs = Vinv + VCF
+ LF (dim /dt).

(7)

2.3 The coupling
The coupling between the main inverter circuit and the active filter circuit is achieved through
1:1 transformer, and to attenuate the higher frequency EMI noises, RLC filters are used at the
transformer primary and secondary windings as suggested by figure 5.
The important point here is that, the resonance which may arise between capacitor C1 and
transformer primary winding and between capacitor C2 and motor inductance winding should
be avoided when selecting capacitor values. At selected cut-off frequency, the currents iCR1
and iCR2 derived by the RLC filters are given by
iCR1 = (zT )/[zT + (R1 + 1/sC1 )1/2 ]im1

and

iCR2 = (zP MSM )/[zP MSM + (R2 + 1/sC2 )1/2 ]im2 ,

(8)

where, ZT and ZP MSM are as defined in figure 5.
At selected cut-off frequency, these currents should be large compared to im1 , drawn by
the transformer, and/or im , drawn by the motor, while at operating frequency these currents
should be very small compared with im1 and im . Another point in selection of the RLC
parameters is that the filter inductors are essentially shorted at line frequency, while the
capacitors are open circuit and for EMI noise frequencies, the inductors are essentially open
circuit, while the capacitors are essentially shorted. Thus, considerable amount of EMI noise
will pass through the filter resistors to the earth and cause frequency dependent voltage drop
across the inductors which, in turn, help in smoothing of the voltage waveform supplying the
motor.

3. Simulations and results
In order to verify that the proposed filter topology does actually improve the performance of
the conventional HDTC methods, the well-known HDTC shown in figure 1 is implemented
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Table 2. IPMSM parameters.
Number of pole pairs
Stator winding resistance
q-axis inductance
d-axis inductance
Permanent magnet flux
Inertia constant
Friction constant
Reference speed
Load torque

P
Rs
Lsq
Lsd
F
J
B
ω
TL

2
5·8 ohm
102·7 mH
44·8 mH
533 mWb
0·000329 Nms2
0·0
70 rad/s
2 Nm

in Matlab/Simulink to compare the performance of the IPMSM, with and without the filter
topology under the same operating and loading conditions.
The IPMSM is star-connected with earth return. The motor parameters are shown in table 2,
while the passive filters parameters are shown in table 3. The AF capacitor used is 200µF
and its inductors are 200 mH.
Simulation results with 100µs sampling time and ±0·1 Nm hysteresis torque band are
shown in figures 6–14. The torque dynamic response is simulated with open speed loop, while
steady state performance is simulated with closed speed loop at 70 rad/s as reference speed,
and 2 Nm as load torque.
3.1 Torque dynamic response
The torque dynamic responses before and after connecting the AF are shown in figures 6a
and b respectively. The reference torque for both figures is changed from +2·0 to −2·0
and then to 3·0 Nm. As shown in the figures, the dynamic response with the proposed filter
topology adequately follows the reference torque with lower torque ripples and settles down
within ±0·1 Nm band of the reference torque; while the torque dynamic under HDTC without
filter topology cannot settle down thus due to the presence of high torque ripples (±1·0 Nm).
On the other hand, the torque response time without filter topology is shorter (∼ 1·2 ms) than
the torque response time with the proposed filter topology (2·5 ms). This delay in the torque
response with the proposed filter topology is mainly due to delay of current propagation
through the LF CF loop of the active filter; however this is not significant if compared with
the results provided by Tang et al (2004).
3.2 Motor steady state performance
Motor performance before and after applying the AF are shown in figures 7–10. Figure 7
shows the phase voltage provided to the motor terminals before and after applying the filter
topology. Observing change of the waveform after applying the AF, we see that the phase

Table 3. RLC-filter parameters.
L1
C1
R1

15µH
2µF
250

L2
C2
R2

15µH
2µF
750
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Figure 6. Motor torque dynamic
response under basic HDTC
(a) without and (b) after connecting the AF topology.

Figure 7.
Starting motor
phase voltage under basic HDTC
(a) before and (b) after connecting AF topology.
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voltage approaches sinusoidal waveform almost free of voltage pulses (figure 7a) due to
inverter switching. Better waveform can be obtained by increasing the active filter inductance
LF , however, the cost and size of the AF increases, and therefore suitable inductance value can
be selected to achieve acceptable performance. Similar results have been provided by Sozer
et al (2000); however, as compared to the above result, their sinusoidal voltage waveform
supplied to the motor terminals is full of harmonic components.
Figure 8 shows the response of the motor line currents under HDTC without and with the
proposed filter topology. In figure 8a, high distortion in line current can be observed; however
the current waveform is smoother after applying the proposed filter topology. The reason for
the high current distortion (ripples) is mainly due to the fact that switching of the inverter is
only updated once at the sampling instances when the hysteresis controllers change state, and
hence, in the presence of the proposed active filter, a proper voltage is provided to the motor
terminal, which in turn decreases current ripples.
The torque response in figure 9 shows considerable reduction in torque ripples around the
load torque when the proposed active filter is connected. The higher ripples of ±1·62 Nm
around the load torque in figure 9a are mainly due to the existence of harmonic voltages
provided to the motor terminals, so when the harmonics are reduced after insertion of the
proposed filter topology the torque ripples are decreased down to ±0·1 Nm as shown in
figure 9b. The reduction in the torque ripples is normally reflected in reduced motor mechanical
vibration and hence reduced acoustic noise as well as smoother speed response as shown in
figure 10.

Figure 8. Motor line currents
responses under basic HDTC
before (a) and after (b) applying
AF topology.
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Figure 9. Steady state motor
torque response under basic
HDTC before (a) and after (b)
connecting the AF topology
(load torque = 2·0 Nm).

3.3 Harmonics and EMI noise reduction
The phase voltage harmonics and EMI noise in the line currents before and after connecting
the AF are shown in figures 11–14.
In figure 11 the spectrum of the phase voltage before connecting the AF shows that the harmonic voltages with THD of ∼ 79% are widely scattered in the frequency range shown. These
harmonic voltages, if not cleared or reduced, result in parasitic ripples in motor-developed
torque and contribute to electromagnetic interference noise. However, after connecting the
AF, the THD is effectively reduced to less than 5% as shown in figure 12.
The EMI noise level before connecting the AF in figure 13 shows a noise level of ∼ 20 dB
at operating frequency, ∼ 18 dB at switching frequency (5 kHz), and almost −40 dBs for
higher frequencies (> 0·2 MHz). These noise component frequencies have bad effects on
the control system if not filtered out. When the AF is connected, EMI noise level is tuned
down to ∼ −18 dB at operating frequency, ∼ −25 dB at switching frequency and less than
∼ −60 dBs for the most high frequencies as shown in figure 14.
From the results presented it can be seen that the steady state performance of the HDTC
with the proposed filter topology is much better than the performance presented by Zhong
(1997). This result can also be compared with the experimental results reported by Tang et al
(2004) though the effective average switching sampling time in that method is much less than
the selected sampling period (150µs). Due to this fact the space vector modulation is used to
drive the inverter.
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Figure 10. Rotor speed under
basic HDTC before (a) and
after (b) applying the AF topology
(reference speed ω0 = 70 rad/s).

Figure 11. Phase-a voltage (top) and its
spectrum (bottom), before connecting the
AF topology.
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Figure 12. Phase-a voltage (top) and
its spectrum (bottom), after connecting
the AF topology.

Figure 13. EMI noise level before connecting the AF.

Figure 14. EMI noise level after connecting the AF.
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The motor voltage waveform is better than that provided by Sozer et al (2000), besides
which the filter topology presented by them requires continuous tuning when the switching
frequency is changed. In addition, in order to obtain acceptable sinusoidal waveforms, the
resistor value used in the RLC loop is small, which involves larger currents flowing through
the loop composed of the RLC and the inverter, and which in turn causes overloading at the
inverter elements.

4. Conclusions
In this paper, a new AF topology for HDTC was presented and simulated. The filter topology
combines the compensation characteristics of series AF and L type passive EMI filters. It was
shown that the proposed topology is capable of reducing torque ripples which exist in HDTC
as well as reducing the harmonics and EMI noise in phase voltages and currents, as reflected
in almost sinusoidal voltage to the motor terminals.
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