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9.0 MOTOR DRIVES USING MOSFETS

9.1    Buck Chopper Drive

9.1.1
Objective

To study the use of Power MOSFETs in a Buck Chopper to control a DC Motor.

9.1.2 Discussion

The speed of a DC Motor is directly proportional to the line voltage applied to it.  Given a fixed DC source, VS, and a Power MOSFET to act as a switch, it is possible to control the average voltage applied to the motor using a technique called Pulse-Width Modulation (PWM).  

In the circuit shown in Figure 9-1 below, the source voltage, Vs, is “chopped” to produce an average voltage somewhere between 0% and 100% of Vs.  Thus the average value of the voltage applied to the Motor, Vm, is controlled by closing and opening the “switch”, Q1.  To close the switch, a firing signal is delivered to the gate of the MOSFET, causing it to conduct between source and drain.  To open the switch, the firing signal is removed and the MOSFET is self-biased to stop conducting.  In PWM, the switch is closed and opened every modulation period.
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	FIGURE 9-1


In discussing the period of modulation, let time be divided into uniform periods of one millisecond each and let a period be called T, the modulation period.  During T, there is a time,  t0 to t1, during which the MOSFET Q1 is on, and a time, t1 to t2, during which it is off, as indicated in the Figure 9-2 below.   This is true for each period and therefore Q1 turns on and off 1000 times every second when T = 1 ms.
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	Figure 9-2


When Q1 is on, Vs volts are applied to the motor for t1 milliseconds.  When Q1 is off, zero volts are applied to the motor.  However, the armature current, Ia, is still allowed to circulate through the diode.  The magnitude of the armature current will diminish between t1 and t2 as losses in the motor dissipate energy. 

The voltage, Vm, seen by the motor can be expressed in terms of the source voltage, Vs, and the “ON” time, t1, and the period of modulation, T.  The equation is:


Vm = ( Vs        where  ( = t1 / T
The symbol ( is called the Duty Cycle.  As duty cycle is increased from 0% to 100%, the average voltage applied to the motor increases from 0 to Vs volts and the motor speeds up.

It is sometimes more useful to think of the frequency of modulation as opposed to its period.  Modulation frequency is just the inverse of the period of modulation, fm = 1/T. State of the art PWM converters have modulation frequencies as high as 200kHz, although some people argue that frequencies above 20 kHz lead to unnecessary expense.

9.1.3 Instruments and Components

Power Supply Module


EMS 8821

DC Metering Module


EMS 8412

DC Motor/Generator Module

EMS 8211

Smoothing Inductor Module

EMS 8325
Power MOSFET Module


EMS 8837
Enclosure/Power Supply


EMS 8840
Chopper/Inverter Control


EMS 9029
Voltage/Current Isolator


EMS 9056 (or 9050 and 9051)

Inertia Wheel



EMS 9126

Hand Tachometer



EMS 8920

9.1.4 Procedure

	CAUTION! – High voltages are present in this Experiment.  DO NOT make any connections with the power supply ON.  Get in the habit of turning OFF the power supply after every measurement.


1. Verify that all power switches are OFF, then connect the circuit shown in Figure 9-3 below:
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	FIGURE 9-3


2. Install the Inertia Wheel, EMS 9126, on the shaft of the DC Motor/Generator and verify that it is securely fastened.

3. Turn on the Enclosure/Power Supply (EMS 8840) by setting its rocker switch to the “1” position.  DO NOT turn on any other power supply.  Adjust controls to the following settings:

	LabVolt Equipment
	Oscilloscope

	Device
	Setting
	Option
	Setting

	Voltage Selector Knob (EMS 8821)
	7-N
	Chan. 1 Sensitivity:
	5 V / Div.

DC Coupled

	Interconnection Switch (EMS 8837)
	0 (open)
	Chan. 2 Sensitivity:
	2 V / Div.

DC Coupled

	DC Source 1 

(EMS 9029)
	Minimum

( full ccw)
	Vertical Mode:

Display Mode:
	Chopped

A/B

	DC Source 2 

(EMS 9029)
	Maximum

(full cw)
	Time Base:
	0.2 ms / Div.

	MODE 

(EMS 9029)
	CHOP. PWM
	Trigger Source:

Trigger Slope:
	External

Positive (+)

	Rheostat 

(EMS 8211)
	Minimum

(full ccw)
	Trigger Coupling:
	HF Rejection


4. Verify that the voltage control knob on the main Power Supply is at zero percent, then turn on the 24 Vac power switch and the main power switch.

5. Adjust the voltage control knob for 100% (120 Volts) operation.  Turn the Field Rheostat on the DC Motor clockwise until the field current reaches its rated amps (0.4 A).  It is OK if the motor is not turning.  Note that the DC Motor is “separately excited”.  In other words, the shunt field in the stator is created by a constant source.  This will make the motor behave much like a Permanent Magnet DC Motor.

6. Use the channel position knobs on the Oscilloscope to place the Channel 1 signal in the top half of the screen and Channel 2 in the bottom half.

7. The DC Source 1 knob controls the duty cycle, (, of the PWM driver.  It is currently set at minimum (0% duty).  Turn the knob clockwise and set the motor speed to 300 RPM.

8. Observe the waveforms on the Oscilloscope and compare them to the waveforms in Figure 9-2.  Note any differences:



_________________________________________________



_________________________________________________



_________________________________________________



_________________________________________________
9. Continue to adjust the DC Source 1 knob to determine first the minimum and then the maximum speed for the motor. Leave the motor at maximum speed while you record your values.

	Minimum Speed
	Maximum Speed

	RPM
	RPM


10. Try to determine the time required for the motor to decelerate by quickly changing the duty cycle to minimum and measuring the number of seconds until the motor reaches minimum speed.  Record the time below.

11. Now quickly change the duty cycle to maximum and measure the number of seconds for the motor to achieve maximum speed.  Maintain top speed and record the result

	Deceleration Time
	Acceleration Time

	Sec
	Sec


12. Quickly turn the DC Source 1 knob to about 30% of maximum and observe the armature voltage and current waveforms on the oscilloscope as the motor decelerates.  Sketch them below.
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FIGURE 9-4:  Vm and Ia During Deceleration



Comments: ____________________________________________________________



     ____________________________________________________________



     ____________________________________________________________

13. Return the voltage control knob on the main power supply to zero percent and turn OFF all power supplies.  Keep the circuit wired for the next section.
9.1.5 Conclusions
1) 
The Buck Chopper converter used in this section is called a “One-Quadrant’ converter.  Comment upon the ability of this converter to decelerate the motor:


____________________________________________________________



____________________________________________________________



____________________________________________________________

2) To increase the output voltage, Vm, from the converter, should the duty cycle, (, be increased or decreased?  In addition, what is the range of the output voltage as demonstrated in this experiment?



____________________________________________________________



____________________________________________________________

3) What is the modulation period, T, for this controller?  What might be reasons for making T small?



____________________________________________________________



____________________________________________________________



____________________________________________________________



____________________________________________________________

9.2 Four-Quadrant Chopper Drive

9.2.1 Objective

To observe the operation of a four-quadrant chopper converter driving a DC Motor and explore the use of closed loop control methods.

9.2.2 Discussion

In the previous exercise, the BUCK Chopper was neither capable of opposing the forward rotation of the DC Motor nor of turning the motor in the opposite direction.  Such a controller is called a one-quadrant converter.  A converter that can drive the motor to spin in either direction and apply braking torque in either direction is called a four-quadrant converter.

The fundamental four-quadrant device consists of an H-bridge with a MOSFET switch on each leg of the H.  The load (a motor in this case) occupies the crossbar of the H.  The load can be accelerated in the forward direction (quadrant 1) by turning on two MOSFET switches, one on the upper left leg of the H and one on the lower right.

Bah! Nobody reads this junk anyway…..on with the show!

9.2.3 Instruments and Components

Power Supply Module


EMS 8821

DC Metering Module


EMS 8412

DC Motor/Generator Module

EMS 8211

Smoothing Inductor Module

EMS 8325
Power MOSFET Module


EMS 8837
Enclosure/Power Supply


EMS 8840
Chopper/Inverter Control


EMS 9029
Voltage/Current Isolator


EMS 9056 (or 9050 and 9051)

Inertia Wheel



EMS 9126

Hand Tachometer



EMS 8920

P.I.D. Controller



EMS 9034

Synchronous Motor


EMS 8241

Resistive Load



EMS 8311
9.2.4 Procedure

	CAUTION! – High voltages are present in this Experiment.  DO NOT make any connections with the power supply ON.  Get in the habit of turning OFF the power supply after every measurement.


1. Verify that all power switches are OFF, and then connect the circuit shown in Figure 9-5 below.  (Note: the only change from Figure 9-3 is the internal wiring of the Power MOSFET Module, EMS 8837.  You will be told what external switches to change on the Module.)

	OPEN LOOP, 4-QUADRANT CONTROL:
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	FIGURE 9-5


2. Install the Inertia Wheel, EMS 9126, on the shaft of the DC Motor/Generator and verify that is securely fastened.

3. Turn on the Enclosure Power Supply (EMS 8840) by setting its rocker switch to the “1” position.  DO NOT turn on any other power supply.  Adjust controls to the following settings:

	LabVolt Equipment
	Oscilloscope

	Device
	Setting
	Option
	Setting

	Voltage Selector Knob (EMS 8821)
	7-N
	Chan. 1 Sensitivity:
	5 V / Div.

DC Coupled

	Interconnection Switch (EMS 8837)
	1 (Closed)
	Chan. 2 Sensitivity:
	2 V / Div.

DC Coupled

	DC Source 1 

(EMS 9029)
	Mid Position
	Vertical Mode:

Display Mode:
	Chopped

A/B

	DC Source 2 

(EMS 9029)
	Mid Position
	Time Base:
	0.2 ms / Div.

	MODE (Pushbutton Selector)
(EMS 9029)
	CHOP. PWM
	Trigger Source:

Trigger Slope:
	External

Positive (+)

	Rheostat 

(EMS 8211)
	Minimum

(full ccw)
	Trigger Coupling:
	HF Rejection


4. Verify that the voltage control knob on the main Power Supply is at zero percent, then turn on the 24 Vac power switch and the main power switch.

5. Adjust the voltage control knob for 100% (120 Volts) operation.  Turn the Field Rheostat on the DC Motor clockwise until the field current reaches its rated amps. Note that the DC Motor is “separately excited”.  In other words, the shunt field in the stator is created by a constant source.  This will make the motor behave much like a Permanent Magnet DC Motor.
6. Use the channel position knobs on the Oscilloscope to place the Channel 1 signal in the top half of the screen and Channel 2 in the bottom half.

7. Change the Duty Cycle of the converter by slowly turning the DC Source 1 knob, first clockwise then counterclockwise.  Observe and comment on the speed and direction of rotation and the waveforms on the Oscilloscope.



____________________________________________________________



____________________________________________________________



____________________________________________________________

8. Return the voltage control to zero percent and turn OFF ALL power supplies.



CLOSED-LOOP CONTROL

Neither of the previous circuits used feedback signals to improve control of the motor.  This final circuit will demonstrate closed-loop control by feeding back a motor RPM signal to the controller.

9.  Remove the Inertia Wheel and the timing belt between the Prime Mover/ Dynamometer and the DC Motor.  Re-connect the belt between the DC Motor and the Synchronous Motor/Generator.  Add the Tachometer to the shaft of the DC Motor.

10. Keeping the circuit much the same as before, wire the additional components as shown in Figure 9-6 below (Make sure all power is OFF!):

	CLOSED LOOP, 4-QUADRANT CONTROL
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	FIGURE 9-6


11. Turn on the Enclosure Power Supply (EMS 8840) by setting its rocker switch to the “1” position.  DO NOT turn on any other power supply.  Adjust controls to the following settings:

	Equipment
	P.I.D. Controller

	Device
	Setting
	Option
	Setting

	Exciter Control (EMS 8241, Synch. Motor)
	40% of Max.
	Low-Pass Filter 2

Cutoff-Frequency
	Mid Position

	Toggle Switch (EMS 8241, Synch. Motor)
	1 (Closed)
	Feedback Amplifier

Gain
	30% of Range

	DC Source 1 

(EMS 9029)
	Mid Position
	Proportional  Gain
	Low;Maximum

	DC Source 2 

(EMS 9029)
	Maximum

(full cw)
	Integral Gain
	30% of Range

	MODE (Pushbutton Selector)
(EMS 9029)
	CHOP. PWM
	Upper Limit

Lower Limit
	Maximum

Maximum

	
	
	Anti-Reset
	1


12. Verify that the voltage control knob on the main Power Supply is at zero percent, then turn on the 24 Vac power switch and the main power switch.

13. Adjust the voltage control for 100% line voltage.

14. Increase the DC Motor speed to maximum by turning the DC Source 1 knob to its fully clockwise position (100% forward Duty Cycle).  Now use the Feedback Amplifier Gain control to set maximum DC Motor speed at 1000 RPM.

15. Evaluate the responsiveness of feedback control: Vary the Duty Cycle of the motor in both directions (i.e. turn DC Source 1 knob ccw and cw).  Pay particular attention to Iac and the waveforms on the oscilloscope. 


Comments:  _________________________________________________________



__________________________________________________________________



__________________________________________________________________

16. Cause a sudden change in load level by opening the Field Switch on the Synchronous Generator.  How does the system behave?  What happens to Ia?



__________________________________________________________________



__________________________________________________________________



__________________________________________________________________

17. Turn the DC Source 1 knob to set a minimal motor speed, turn the voltage control to zero percent and turn OFF ALL power supplies (Oscilloscope, too!).

9.2.5 Conclusions
1) Describe a motor application where Four-Quadrant control would be necessary:



____________________________________________________________



____________________________________________________________



____________________________________________________________

2) Try to think of any drawbacks to the circuit as studied:



____________________________________________________________



____________________________________________________________



____________________________________________________________

3) When the DC Motor turns the Synchronous Generator at 1000 RPM, what is the frequency of the AC voltage and current waveforms generated?  Use the following formula:

Synchronous Speed, Ns (RPM) =   120 f / p ;   f is frequency in Hz



 



                p is the number of poles 




The Synchronous Generator is a 4-pole machine.



____________________________________________________________



____________________________________________________________



____________________________________________________________
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