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EEE223 ASSIGNMENT 2
The motor controller circuit is shown in figure 1.
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Figure 1: Speed controller circuit.
Part A
Shown below in figure 2 is the circuit representation for T1 being switched on.
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Figure 2: T1 ‘on’ state sub circuit.
Shown below in figure 3 is the circuit representation for T1 being switched off.
I
4mH :
0.1Q
1 AV P— E
+ Current
Figure 3: T1 ‘off’ state sub circuit.
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PartB
Firstly, using equation (1), the speed of the motor is converted from rpm to radians per second.
_ 2r )
w =T1pm )
2000 2 2007 ds-1
60 = 3 rads

The back EMF of the motor, E, is then calculated at this speed using equation (2).

E = Yo 2)

008x2007r_ 167rV
' 3 3

E =~ 16.76V

To calculate the duty cycle, we can use equation (3) to see how the average output voltage varies as the duty cycle
is varied, which takes account for the negative voltage across the diode during the off-period.

1 T
Va=Ff0th

1

Va=2 (V- ton = Va " togs) 3)

(Vp= max voltage, V4= diode voltage drop)
Rearranging to find ton.
Va T =(59.2 to, — tosy)
since T = ton + torf
Va T =592ty — (T —t,)
Va T+T = t,,(59.2 + 1)

_T(Va+1)
°on T 592 41

Since the motor is under no load, the applied voltage, Va, will be equal to the back EMF of the motor, E.
Substituting in values.

0.25 x 1073(16.76 + 1)
ton = 60.2

ton =T ="73.73us

The duty cycle can also be calculated.

T
duty cycle = 7= 29.5%
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Part C

Shown below in figure 4 is the voltage across the diode as T1 is switched, the maximum and minimum voltages are
labelled as well as the switching times.
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Figure 4: Voltage across D1 as T1 switches.
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Part D

The current required to provide the 0.2Nm of torque can be calculated using equation (4).

T =yl 4)

I= 0.2 =2.54
008 ©

Since a load has now been applied, the duty cycle must be varied to provide the necessary voltage to the motor.

The new ton period can be calculated via equation (5).

(Vo “ton = Va - toss) — E
Lyvgrace = R (5)
a

~l-

Rearranging to find ton.
T(laverage " Ra + E) = (Vp “ton—Va- toff)
since T = ton + tosy
T(laverage *Ra + E) = (59.2 - ton — (T — ton))
ton =T

T(lavgrace *Ra + E) +T
Tnew = 60.2

Substituting in values.

0.25x 1073(2.5- 0.1 + 16.76) + 0.25 x 1073

Tnew = 60.2

Thew = 74.77us
The peak-peak ripple current can now be calculated using equation (6), where tis the on-time of T1.

_E(T—r)

Al 6
» ©
Al = 16.76(0.25 X 1073 — 74.77 x 1079)
h 4 %1073
Al = 0.734A
The minimum and maximum value of the current ripple is calculated by subtracting or adding half of the ripple
current to the average current as shown below.
0.734
Inin = 2.5 ——— =2.1334
0.734
Ipar = 2.5 + =2.8674
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Part E

This question did not make the operating conditions of the motor clear in regards to whether or not the motor has
a load applied, orif the speed can exceed 800RPM, therefore | have 2 different approaches with different
assumptions.

Approach 1
The first approach assumes that the motor is only running at 800RPM, with no load applied to it.

Using equation (1), the speed is converted from rpm to radians per second.

_ 800 27r_807r d
w = %—Tras

-1
The back EMF is then calculated for this given speed using equation (2).
80m
E =0.08 T = 6.70V
Assuming there is no load on the motor, at a speed of 800rmp, the back EMF is equal to the applied voltage.

(Vp “ton—Va- tOff)

~

E =

Rearranging to find the duty cycle.

E==(V,-t1—(T-1)

~| -

E—602T 1
=602

‘r_6.7+1
T 60.2

o))

Duty cycle = - = 12.794%

~| S

Since the duty cycle that causes the motor to spin at 800RPM is known, the time period can be calculated by
rearranging equation (7)

v, —E

Al =
Lq

T @)

since t = 0.12794 - T
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B Al L,
©0.1279(V, — E)

T = 357.32us
Therefore, the reciprocal of this is the minimum switching frequency.

1
e —2.799kH
fmin = 35732 106 z

Approach 2

The second approach to this question finds the switching frequency that will ensure the peak-peak ripple current
does not exceed 0.6A for any working conditions above 800RPM.

Firstly, the duty cycle that causes the maximum ripple current to occur is calculated, representing worst case
conditions.

Temporarily assuming there is no load on the motor, the back EMF of the motor is equal to the applied voltage.

(Vp “ton—Va- tOff)

~

E =

This relationship can be substituted into equation (6).

(T—-1)
V, to, =Vt
Al = T (p on d Off) 8)
Lq
Simplifying.
(TT;T)(éo.z T—T)
Al =
Lq
Al = —60.2-72+1(602-T—T) —T?
h T-L,
This formula is differentiated with respect to T, so that the largest change of current can be calculated.
dAl  —100.47 + (60.2-T —T)
dr T-L,
The differential is set to zero to find the duty cycle that causes the maximum change in ripple current.
0=-1204714+602-T-T
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T 61.2
T 1204
T
Duty cycle = T ~ 0.5083

Benjamin Griffiths (160159871)

Assuming that the motor is operating at the duty cycle of 50.83%, and that there is an external load bringing the
speed down to 800RPM, equation (9) can be used to find the time period that causes a maximum current ripple of

0.6A.

(v, —F
i =E)
Lg
sincet = 0.5083 T

AL,
- 0.5083(V, — E)

€)

Substituting the maximum ripple current of 0.6A, the EMF at 800RPM and the inductance into equation (8).

_ 06-4x107°
"~ 0.5083(59.2 — 6.7)

T = 89.938us

The reciprocal of this is calculated to find the minimum switching frequency.

1

= =11.119kH
Smin = 89,938 x 10-6 kHz

The graphin figure 5 proves that at a duty cycle of 50.83%, the peak-peak ripple current never exceeds 0.6A from

the full range of 800RPM - 7000RPM.
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How Current Ripple Varies with Motor Speed (11.1kHz Switching Frequency)
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Figure 5: Ripple current vs motor speed.
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Part F

The maximum torque of the motor is found when the speed is zero, and the maximum speed is found with the
torque is zero. | am not neglecting the semiconductor voltage drops.

Firstly, to find the maximum torque as the duty cycle is varied, the average voltage applied to the motor at each
duty cycle is calculated using equation (9). Using Ohms law and the winding resistance, the average current flowing
through the motor can then be found, allowing the maximum torque to also be calculated using equation (4).
Finally, the maximum speed at each duty cycle can be calculated using equation (2).

The results are shown in figure 6.

Duty Cycle
100% 75% 50%

Average Applied Voltage (V)

Average Current (A)

Peak Torque (Nm)

Maximum Speed (RPM)

Figure 6: Calculations for torque-speed characteristics graph.

Due to the current limit of 50A, the maximum torque can be calculated.

T =0.08 x 50

Tmax = 4NM

The torque-speed characteristics graph is shown in figure 7, with a cut off at 4Nm to represent the current limit and
the shaded boxes representing the rated operating region of the motor.
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Torque-Speed Characteristics
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Figure 7: Torque/Speed characteristics graph.
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Part G

The circuit shown in figure 8is a H-Bridge, which allows the motor to operate in all the 4 quadrants, enabling the
motor to consume power and generate power in both directions.

Vdc

: 1 :
Switch 1 —K A A :I— Switch 3

0.1Q 4mH

4
Switch 2 —K x x j— Switch 4
¢ _l_ .

Figure 8: H-Bridge circuit.

Assumptions:

e Vdc=60V

e Duty Cycle for max current ripple = 50% (for average current = 0)
e Switching frequency = 4kHz (T = 0.25ms)

e Transistor voltage drop = 0.8V

e Motoris under no load

e Motor has zero speed

e Motoris being ‘held’ by repeatedly switching between the motors polarities, average current is zero

The maximum current ripple at a duty cycle of 50% can be calculated using equation (10).

Al =——=-1 (10)

Due to the transistor voltage drops.

Due to zero motor speed.
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Substituting into equation (10).

_ (584 -0)
T 4x1073

Al = 1.8254

+0.125 x 1073

Inin = —0.9125A4

Imax = 0.91254

A graphical representation of the motor current is shown in figure 9.
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Figure 9: Motor Current.
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