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ABSTRACT 

 
In this paper the implementation and the simulation of 
a new controller for the control of an axial flux 
brushless DC motor is analysed. The new controller 
has the features of operating on hard switching, soft 
switching with one switch or two switches Pulse width 
modulated (PWM). It uses a closed loop current 
control with the addition of three soft switching units. 
Each of the unit controls one phase of the ZCT 
inverter. After leaving the commutation logic unit 
whose role is to apply the current to the correct 
windings, in the correct direction, at the correct time, 
each signal goes through the soft switching unit, in 
order to soft switch the desired MOSFETs to be 
controlled.  The current band is set to 5A, which gives 
a maximum switching frequency of 26 kHz. This occurs 
at half motor speed. In order to view the performance 
of the controller, it is simulated using the Matlab 
Simulink package. The currents in the three phases of 
the ZCT inverter, the gate pulses of the main switch S1 
and auxiliary switches (lower Sx1, upper Sx2) are all 
computed. During the commutation of the current from 
one phase to another, there is a small dip of current in 
the third phase. It can also be observed that SX1 is 
switched during the turn on of switch S1 and Sx2 
during its turn off. The computed resonant tank current 
ix takes about two cycles to settle down. Its peak value 
is around 600 amps for a load current of 150 amps and 
this occurs at turn on, i.e. during the switching of the 
auxiliary switch SX1. The maximum resonant current at 
the turn off transition is about 260A i.e. during the 
conduction of SX2. The computed maximum voltage 
across the tank capacitor vx is 120 V. This occurs at 
the turn off transition, and is about 30 % higher than 
the supply battery voltage. The computed waveform of 
the inverter in the X (Voltage) Y (current) Graph (State 
plane) during one whole cycle of the inverter shows a 
different cycle during the period of initial transition, 
and after that the cycle repeats to itself. 
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1. INTRODUCTION 

The application of brushless DC motors (BDCMs), of 
all types, is becoming of considerable importance 
particularly in EV systems. This is largely due to the 
benefits that these types of motor bring to the system, 
particularly in improvements in the reliability, 
ruggedness, volume, mass and efficiency [1-6]. The 
control of brushless dc motors depends on the ability to 
control the winding currents relative to the rotor’s 

position, to obtain the switching pattern according to a 
particular switching one. A BDCM is similar in 
construction to a permanent magnet (PM) synchronous 
machine. The sinewave PM brushless motor drive, also 
called the PM synchronous motor (PMSM) drive, is 
fed by sinewave current and uses continuous rotor 
position feedback signals to control the commutation. 
On the other hand, the square wave PM brushless 
motor drive, also called the PM brushless dc motor 
drive, is fed by a square wave current and uses discrete 
rotor position feedback signals to control the 
commutation. The ideal back emf and current 
waveforms of a BDCM are shown in Figure 1. Since 
the interaction between the square wave current and 
the trapezoidal magnetic flux in the motor can produce 
a larger average torque product than that produced by 
sine wave current and sine wave magnetic field, a 
higher average magnetisation of the magnetic material 
by a factor of around 1.3 will result. Thus a PM 
brushless dc motor drive possesses higher power 
density than the PM synchronous machine. The use of 
concentrated winding patterns in conjunction with 
trapezoidal flux distribution results in a trapezoidal 
induced back emf across each phase winding.  

 

Figure 1 Ideal trapezoidal back emf (E) and
rectangular current (I) waveforms of a BDCM. 

2. BRUSHLESS DC MOTOR CONTROL 

The new controller is implemented as shown in 
Figure 2. It uses a closed loop current control, with the 
addition of three soft switching units. Each of the unit 
controls one phase of the ZCT inverter. After leaving 
the commutation logic unit whose role is to apply the 
current to the correct windings, in the correct direction, 
at the correct time, each signal goes through the soft 
switching unit, in order to soft switch the desired 
MOSFETs to be controlled.  The current band is set to 
be 5A, which gives a maximum switching frequency of 
26 kHz. This occurs at half motor speed. In order to 
view the performance of the ZCT inverter, it is 
simulated using the Matlab Simulink package software. 
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To simulate the brushless DC motor using the 
Simulink package the permanent magnet synchronous 
machine with sinusoidal flux distribution from the 
power system blockset library was used. The stator 
windings are connected in Wye to an internal neutral 
point. The first three inputs are the electrical 
connections to the machine’s stator. The fourth input is 
the mechanical torque at the machine’s shaft (Simulink 
signal). This input should normally be positive because 
the PMSM is usually used as a motor.  The block 
outputs a vector containing the following ten variables 
(all currents flowing into the machine): 
 
• 1-3: line currents ia, ib and ic. 
• 4-5: q and d axis currents iq and id. 
• 6-7: q and d axis voltages vq and vd. 
• 8: Rotor electrical speed ωe. 
• 9: Rotor electrical angle θe  
• 10: Electromagnetic torque Te, into and out of the 

phases of the stator windings.  
 

The values of the parameters of the machine resistance, 
and the inductances are taken respectively as 
(R = 0.028 Ω, L =182 µH). Three trapezoidal constant 
currents with a crest of 120 electrical degrees interval 
supply the machine. Hall effects sensors are used to 
capture the position of the rotor to eventually energize 
the correct phases. To realise the Hall effect signals an 
angle of rotation between 0 to 360 degrees is required. 
This was implemented by using the angle in rad/sec. 
The angle was divided by 2π. The remainder function 
was used to obtain an angle between 0-360 degrees. 
The answer from the function was multiplied by 360 
degrees before it was subtracted from 360 degrees. So, 
the output of this is an angle between 0-360 degrees. 
At any time only two phases of the motor winding 
carry current. Each phase conduct for 120 electrical 
degrees in every cycle and commutation takes place 
every 60o. This is known as six-step commutation or 
six-step control. Figure 3 shows the functional BDCM 
drive system with closed loop torque control. The 
motor is star connected and requires only six power 
switching devices. The position of the rotor which 
determines the flow of current is obtained from Hall 
effect sensors. Alternatively indirect position sensor 
can also be used but in the work reported in this paper 
only Hall effect sensors were used. Some of the major 
issues considered in designing the motor controller are: 
 

• System efficiency maximization (the best tradeoffs 
between motor and inverter losses)  

• Motor torque output maximization 
• Flux level optimisation as a function of the 

requested performance 
� Smooth torque control over the entire range 
� Stability over the entire speed range 

 
The BDCM drive system developed here for the 
control of the axial flux brushless DC motor uses a 
unipolar voltage-switching scheme. The frequency of 
the fully on switch is around 300Hz, which is the 
maximum frequency of the commutation. It was 
decided to soft switch only the upper switches, as 
efficiency is very important. 
 
3. HYSTERISIS BAND CURRENT CONTROL 
 
Pulse width modulation (PWM) is the method of 
choice in controlling power electronic circuits. In 
PWM, the voltage consists of a series of pulses of 
variable width. The average value of the voltage is 
controllable by varying the width of the pulse. The 
switching frequency (repetition frequency for the 
PWM signal) is chosen high enough so that the load 
cannot follow the individual switching events. 
Switching rather than linear operation of the power 
semi conductors is done in order to maximize the 
efficiency. In a typical case, the switching events react 
only on the average state of the switch. Modern electric 
drives and power supplies always operate in switched 
mode. Popular methods of switching modulation 
include Pulse Width Modulation (PWM) using a ramp 
comparison technique, Hysteresis band modulation, 
Delta modulation, etc [7-10]. The regulation of the 
motor currents can be achieved through the control of 
the duty cycle. For Hysteresis Band Modulation and 
Delta Modulation, the switching frequency is not 
constant. In the ramp comparison technique, the 
current error acts as the modulating wave and a triangle 
waveform acts as a carrier wave. The advantage of 
such a system is that it forces the inverter switching 
frequency to be the triangular waveform frequency. 
However this method has its shortcomings. Multiple 
crossings of the ramp can become a problem when the 
time rate of change of the current error exceeds that of 
the ramp. Hysteresis current control is the simplest and 
it is used in this work. The hysteresis comparator is 
used to impose a dead band or hysteresis around the 
reference current. This scheme provides excellent 
dynamic performance since it acts very quickly. An
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Figure 2 Block diagram of the ZCT inverter 
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Figure 3 A BDCM drive system with closed loop torque 
control 
 
inherent peak current limiting capability is also 
provided. The operation of the current loop is 
absolutely stable, as the actual current always follows 
the current command. The main disadvantage of 
hysteresis current control with a fixed hysteresis band 
is that the switching frequency varies with both motor 
speeds and bus voltage. A hysteresis current PWM 
control, which consists of controlling the ON and OFF 
of the switches to keep the current within a band 
around the desired value, is used. A current I* is the 
reference current waveform, i.e. the desired current, 
2∆I is the tolerance band, I-= I*-∆I is the lower band, 
and I+= I*+∆I is the upper band. Whenever the current 
crosses the upper band, a switch is opened allowing the 
current to decay or discharge. Like wise whenever the 
current crosses the lower band, a switch is closed, 
forcing the current to climb in amplitude or charges the 
inductance. Clearly the rate at which the inductance 
involved charges or discharges influences the rate at 
which the switching occurs. In a motor drive, where 
the voltage across the inductance is a function of the 
difference between the supply voltage and back emf, 
the switching frequency will be low at low and high 
speeds. The switching frequency can be decreased by 
increasing the tolerance band. However this will 
increase the percentage ripple in the current. Some 
important aspects of this hysteresis PWM scheme are: 
 
• Precise current control is possible as the tolerance 

bandwidth is a design parameter. 
• The frequency at which switches change is not a 

design parameter. As a result the switching 
frequency can vary by an order of magnitude or 
more. 

• Acoustic and electromagnetic noise is difficult to 
filter because their respective spectral components 
vary with the switching frequency. 

 

This PWM method is more commonly implemented in 
motor drives where motor speed and load are constant. 

4. SIMULATION RESULTS 
 
The simulated currents in the three phases of the ZCT 
inverter are shown in Figure 4. During the 
commutation of the current from one phase to another, 
there is a small dip of current in the third phase. 
 

 
 
Figure 4 Instantaneous phase currents of the ZCT 
inverter. Scale: Horiz:  0.002 sec/div, Vert: 50A/div 
 
Figure 5 shows a current band of ± 5 A around the load 
current of 150 A. 
 

 
 
Figure 5 Hysteresis band of current 
Scale: Horiz:  0.002 sec/div, Vert: 50A/div 
 
Figures 6, 7 and 8 show respectively the gate pulses for 
the auxiliary switches Sx1 and Sx2 and the main switch 
S1 for one phase. From these figures it can be observed 
that Sx1 is switched on during the turn on of S1 and Sx2 
during its turn off. 
 

 
 
Figure 6 Pulses of the auxiliary switch Sx1 
Scale: Horiz:  0.00005 sec/div 
 

 
 
Figure 7 Pulses of the main switch S1 
Scale: Horiz:  0.00005 sec/div 
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Figure 8 Pulses of auxiliary switch Sx2 
Scale: Horiz:  0.0001 sec/div 

 

 
Figure 9 shows the voltage across the capacitor. For a 
supply battery voltage of 96V a maximum tank voltage 
vx of 120V occurs during the turn off transition. 
 

 
 
Figure 9 Instantaneous voltage of the tank circuit 
Scale: Horiz:  0.00005 sec/div, Vert: 50V/div 
 
Figure 10 shows the current in the resonant tank ix. 
This current takes about two cycles to settle down. Its 
maximum value is around 600 amps for a load current 
of 150 amps and this occurs at the turn on transition i.e. 
during the switching of auxiliary switch Sx1. The 
maximum resonant current at the turn off transition is 
about 260 A i.e. during the switching of auxiliary 
switch Sx2
 

 
 
Figure 10 Instantaneous current  of the tank circuit. 
Scale: Horiz:  0.00005 sec/div, Vert: 200 A/div 
 
Figure 11 shows the instantaneous voltage across and 
current waveforms of the auxiliary switch Sx1. The 
peak current is around 700 A. The device selection 
should be based on the peak current ability instead of 
the average current. 
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Figure 14. As can be seen from this figure, during 
resonance, the state plane trajectory is part of a circle 
and the radius of the circle determines the resonant 
tank energy. In order to ensure the zero current turn off 
for the main switches, the resonant peak current at the 
turn off transition must be larger than the maximum 
load current period t6-t7. The state plane analysis 
presented in Figure 14 shows the transition operating 
period (thin contour) and the normal operating 
condition (thick contour). The intervals t1-t10 give us an 
indication of the values of the voltage and the current 
during the different operation stages of the ZCT 
inverter. 
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whereas the maximum current in the tank inductor 
occurs during the turn on transition. The results from 
these simulations confirm the design parameters of the 
high power inductor as well as the specifications of the 
capacitors and the power MOSFETs. As stated earlier 
the selection of the auxiliary switches is based mainly 
on their peak current handling capability. Most of the 
beneficial functions of this ZCT PWM inverter were 
computed. These include the following promising 
features: 

• Compared with the hard switching inverter, the 
turn on and turn off loss will be reduced. 

• The voltage overshoot and the high frequency 
ringing at the turn off transition will be basically 
minimized. 

• The resonant capacitor stress will be manageable 
• The current and thermal stresses will be 

distributed evenly among the auxiliary devices. 
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