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Introduction

This report will cover the use of MATLAB and Simulink to design, model and simulate a control system
to drive a permanent magnet (PM) brushless AC (BLAC) machine. The control system will be capable
of driving the machine in both torque and speed control modes.

The specification of the motor for the control system to drive is shown below in table 1.

Parameter Value

Machine topology Surface mounted permanent magnet
Number of pole-pairs 7
Connection Star
Continuous/peak power (kW) 5.0/10.0
Phase resistance @ 120°C (mQ) 22.2
Synchronous inductance (mH) 0.344
Flux linkage per phase (mWhb) 39.6
Torque constant (NMpeax/A) 0.415
Back-EMF constant (Vpeax/(rad/s) | 0.277
Base speed (rpm) 1350
Maximum speed (rpm) 5500
Continuous current (Ageak/Arms) 85/60.5
Maximum current (Apeak/Arms) 170/121
Moment of inertia (kgm?) 0.008
DC link voltage (V) 270

Table I: Machine parameters.

The first section of the report will cover the modelling of the machine drive, including modelling the
machine in the dg and ABC reference frames. The model will then be simulated in torque and speed
control modes to assess the performance of the control systems.



1. Modelling Synchronous Permanent Magnet Machine Drive

It is necessary to model the machine in the direct-quadrature (dg) reference frame in an effort to
simplify analysis, since it allows 3® time varying quantities to be modelled as DC signals. Typically,
the variables in the differential equations that describe the behaviour of 3® machines are time varying,
such as the flux linkages and currents, which will vary during the machines motion. This makes
mathematical modelling and analysis of a 3® machine complex, thus mathematical transformations
can be utilised to transform the 3® quantities into other reference frames, allowing the equations to
be solved. [1]

To model the machine with the parameters given in table 1, the model is split into two sub-models that
simulate the electrical and mechanical characteristics.

To model the electrical characteristics, we must first define the dgq quantities with a pair of
simultaneous equations shown in equation Tand 2.
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Where Wq/Wq are the dg axis flux linkages, Wnis the magnet flux linkage, w is the mechanical speed,
La/Lq are the dg axis inductances and id/iq are the dg axis currents.

These equations can be solved in Simulink to find is and iq by using an ordinary differential equation
solver, as seen in figure 1.
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Figure I: Solving dg-axis differential equations.

Now that the dg-axis flux linkages and currents are known, the electromagnetic torque (Te) can be
calculated using equation 3.
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The Simulink implementation of equation 5 is shown in figure 2.
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Figure 2: Solving electromagnetic torque equation.

The electrical model is now complete, and the electromagnetic torque calculated can be passed into
a mechanical model of the machine, which will describe how the rotational movement is influenced
by factors such as load torque, viscous friction and inertia.

The mechanical output speed of the machine can be solved using equation 4.
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Where Te is the electromagnetic torque calculated in the machines electrical model, Tm is the
mechanical load torque, B is the viscous friction coefficient and J is the total inertia.

The Simulink implementation of equation 4 is shown in figure 3.

Calculate electrical Calculate rotor
speed position
1
o ]

Integrate
i 1 w_rad
> > s 1 B

Te - Tm - BWm
wm (rpm)

Convert rad/s into rpm

A 4
5
@
5]

Figure 3: Calculating machine speed and position.

The machine model created is in the dq reference frame, however, the phase voltages and currents
required to drive the machine are in the ABC reference frame. Fortunately, the 3® quantities can be
transformed into the dq frame by first applying an ABC-af transformation, otherwise known as Clark
transform, followed by an aB-dq transformation, known as the Park transform.

The output dg quantities from the machine model can then be decomposed back into ABC quantities
later on by applying an inverse transformation.

The ABC-dq transformation is achieved using equation 5.
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To convert the 3® voltages into the dq frame for the machine model, a Simulink implementation of
equation 5 is used, shown in figure 4.
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Figure 4. Vabc - Vdg transformation.

The inverse transformation to re-obtain the ABC quantities is given by equation 6.
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A Simulink implementation of equation 6 shown in figure 5.
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Figure 5: dg to ABC transformation.

A control system is used to set the dq axis quantities to maintain a desired output speed or output
torque and react to system disturbances. A proportional-integral (PI) controller will be used for this
task, with a desired bandwidth of 800Hz. The proportional part of the control system influences how
aggressively the output changes based on an error signal, whereas the integral part affects the
controller action depending on the time duration an error has existed.

By looking again at equation 1, we can see that isq can be controlled by varying Vaq. However, it can also
be seen at there is some cross-coupling action between the d and g axes, namely, the terms that
contain electrical speed.
Cross-coupling terms
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The cross coupling between these axes will act to reduce the speed of the dynamic current response,
hence eliminating these will enhance the performance of the current controller. This can be achieved
by decoupling these terms. [2]

Expanding equation 1, we get V; and ¥, with undesirable coupling terms.
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The previously designed electrical model for the machine requires the change in dq axis flux, which is
obtained by rearranging equation 1, shown in equation 7 and 8.
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Here, we can see that the cross-coupling term is added for Va4 and subtracted for Vq. The effect of the
undesirable coupling terms on the Pl controller can be eliminated by modifying Va4 and V.

By letting V; and V; equal the desired dg-axis voltages from PI controller output, the cross-coupling
term for Va can be subtracted, and the coupling term for Vq added so that they cancel out in the motor
model, shown in equation 9 and 10.
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The Simulink implementation of the current controller with decoupling is shown in figure 6.

Id error Vd Decoupling
P Pi(s) . P@
Desired Idq ; vd vd
CO—y P
idq* Iq error q Decoupling Vdq-
» Pi(s
Ol qu

Actual Idq ’
Vd Decoupling Term
idq
>{ u(1)'u(5)'u(3) |
w .
w * Flux_q
.

Vq Decoupling Term

>{ u(1)*(u(5)"u(2)+u(4)) |

w * Flux_d

Figure 6. Idg Pl Controller Simulink implementation.



The previously designed controller has no constraint on the output voltage it can demand, and may try
to apply a voltage beyond what is available, known as over-modulation or saturation. The DC-link
voltage that would power a drive system is typically fixed, particularly in applications such as electric
vehicles which are powered with batteries. Therefore, the maximum voltage that the control system
can demand should not exceed the maximum available voltage. To prevent this, the output of the
current controller is fed into an over-modulation block that will limit or clamp the maximum output
voltage.

The Simulink implementation of over-modulation prevention is shown in figure 7.
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Figure 7: Over-modulation prevention block.

Where Vmax is the maximum phase voltage that can be applied across a motor phase, given by
equation 11.
VDC
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The inclusion of this over-modulation block introduces a problem in the control system. When the
controller outputs a voltage that exceed the maximum permissible, the over-modulation block will act
to limit this voltage. However, the integrator will continue to act on the error between the voltage
received by the motor and the output of the controller, causing the output of the controller to continue
rising, known as integrator wind-up.

To prevent this, the controller should stop integrating when the output saturates, which is achieved
by comparing the voltage before and after the over-saturation block (Vere and Vpost). If Viore is equal/less
than Vpost, the controller’'s output is not saturated and the integrator can continue to operate as normal.
However, if Vpre is greater than Vpest, the controller’s output is clearly saturated, and the integrator
should be stopped.



This functionality is implemented into Simulink by modifying the existing current controller with a
custom PI block, shown in figure 8.
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Figure 8: Modified current controller.

The custom PI controller is shown in figure 9, where the integrators input is switched to zero if the
output is saturated (Vpost<Vpre).
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Figure 9: Custom P/ controller.

The key components required to drive the machine have been designed and can now be connected
together accordingly to simulate the machines performance. The model starts with the dg-axis current
controller, with a desired current as the input. The output dg-axis voltage from the current controller
is then filtered by the over-modulation block. Since the motor model block takes 3® quantities as

inputs, the dg-axis voltages are transformed into the ABC reference frame. The complete system is
shown in figure 10.
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Figure 10: Complete drive control system.

2. Simulation Results

In torque control mode, the control system will act to maintain a desired output torque by adjusting
the output speed. The output torque can be related to the dg-axis current by equation 12.

T, = Kz or iy = é 12
Where Kt is the torque constant of the machine, given by equation 13.
3
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Figure 11 shows a diagram of the machine rotor with the dg-axis. The d-axis is coincident with the flux
linkage of the rotor from the permanent magnets, and the g-axis is defined to be perpendicular to the
d-axis. It can be seen that rotational torque is maximised when the dg-axis flux vector is perpendicular
to the rotors flux vector. However, if the resultant dg-axis flux vector is coincident to the rotors flux
vector, the rotor magnet will feel an outward force towards to stator, and will not produce any
rotational torque, wasting power.

Therefore, to maximise the output torque for a given current, and hence maximise the efficiency of the
machine, the d-axis current demand should be set to zero and the g-axis current should be modulated
so that the resultant current phasor is always orthogonal to the d-axis. [3]

N

g-axis Q

Figure 11: Maximum torque resultant flux vector.



A step change in torque demand using equation 12 can be modelled in Simulink as shown in figure 12.
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Figure 12: Step change in torque demand.

Using J = 1, an initial mechanical speed of 1350rpm and a mechanical load torque of 10Nm, the
simulation results from a step change in electrical torque from 5 - 15Nm is shown in figure 13.
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Figure 13: Step change in torque simulation results.



Fromt=0tot =0.25, there is an electrical torque of 5Nm, resulting in a net torque of -5Nm against
the direction of rotation, causing the mechanical speed to reduce as seen in the first graph. At t = 0.25,
the electrical torque changes from 5Nm to 15Nm, giving a new net torque of +5Nm in the direction of
rotation, causing an increase in mechanical speed.

As shown in the zoomed in graphs, the electrical torque and dg-axis currents track the reference

signals with a rise time of 416us.

To operate the machine model in speed control mode, a speed controller must be designed and
implemented to set the dg-axis reference current based on the desired and actual mechanical output

speed.

This functionality can be realised by designing a PI controller to set the g-axis current based on an
error between a defined demand speed and the actual output speed.

A closed loop speed controller is represented by the block diagram shown in figure 14.
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Figure 14: Speed controller block diagram.
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The proportional and integral gains required to achieve a bandwidth of 50Hz can be obtained from the
closed loop transfer function, shown in equation 13.

Rearranging into the 2" order transfer function standard form:
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Since w, =50, ] =0.008, k; = 0.415 and ¢ =1 for critical damping, the proportional and integral
gains can now be calculated.

_ Jw?  0.008 (50 x 2m)?

ki = k_t = 0.415 = 1902.6
. _2(wn1_2x1x50x2nx0.008_121
Pk 0.415 ST

The Simulink implementation of the speed control system is shown in figure 15.
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Figure 15: Speed controller.

A step change in speed demand can be modelled in Simulink by using the speed controller to set the
dg-axis currents, shown in figure 16.

Speed Control Mode
Speed Step

P Wm_rpm_demand
idg* F——

Figure 16: Step change in speed demand.

Using J = 1 and a load torque of 10Nm, the simulation results from a step change in speed demand
from 1350-5000rpm is shown in figure 17.
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Figure 17: Simulation results from step change in speed demand.

As expected, the step change in speed demand causes a spike in the electromagnetic torque until the
new speed is reached. The actual output speed follows the reference speed nicely with minimal
overshoot and a rise time of 59.7ms.

The simulation results of a linear ramp in speed demand from 0 - 5500rpm (the maximum theoretical
speed of the motor) is shown in figure 18.
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Figure 18: Speed ramp results.

As seen in the first graph, the speed tracks the reference speed from 0 - 5500rpm accurately, although
the theoretical maximum mechanical speed cannot be maintained by the model, hence the strange
behaviour once this speed is reached.
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3. Summary

Overall, this report has covered the process and results of modelling and simulating a permanent-
magnet brushless AC synchronous machine in the Simulink environment using sets of equations that
describe the machine behavioural characteristics.

Firstly, the process of building an electrical and mechanical model of the machine was demonstrated
based of a set of characteristic equations, including a discussion on the reasoning for applying the
necessary axis transformations in an effort to simplify the model. This was followed by the design of
a suitable current PI controller to output reference dg-axis voltages to achieved reference dg-axis
currents. The reasoning and motivation to decouple the cross-coupling terms in the current controller
was explained, and the process to implement decoupling into the Simulink model was demonstrated.
Next, the windup phenomena attributed to integral controllers was explained, and a method to prevent
it was designed and applied to the model.

Once the model was complete and working, testing was performed in both torque and speed control
modes.

The torque control mode was tested by applying a step change in torque, which was converted to a
step change in demand current using the torque constant of the machine. Initially, while the output
torque was constant, the output speed of the motor linearly decreased because the load torque was
greater than the electromagnetic torque being provided by the machine. However, when the step
change in torque was applied, the torque provided by the machine exceeded the load torque, hence a
linear increase in output speed was observed. The actual machine torque tracked the reference torque
precisely, with a small rise time due to the characteristics of the machine, showing that the current
controller performed well.

The speed control mode was tested by designing a Pl controller that would output a reference dg-axis
current based on a speed error signal. The required proportional and integral gains were extracted
from the closed-loop transfer function of the generic speed controller block diagram and were fed
into the Simulink model. The speed controller was first tested by applying a step change in reference
speed from an initial operating speed. The actual output speed tracked the reference speed well with
minimal overshoot and a short rise time due to the machine characteristics. As expected, the machine
torque spiked whilst the machine was accelerating, but died down once the machine had reached the
desired speed.

The speed control was further tested by performing a linear ramp in reference speed up to the
theoretical maximum speed of the motor. The actual speed of the motor tracked the reference speed
perfectly up to the maximum speed of 5500rpm, but the model was unable to maintain this speed for
long. As expected, the electrical torque provided to achieve the linear ramp in speed was more or less
constant.

In conclusion, the Simulink model designed of the machine operated as expected and achieved good
performance in both torque and speed control modes.
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