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Diagrams and results of the circuits that make the drives
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-Supply Circuit Diagram-

Components Value or reference
Bridge Diode GBU 12J
Resistor R1 10kQ
Filter Capacitor S50uF
Capacitor C8 100uF
Capacitor C13 11uF

-Table of values and components-
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-Control Circuit Diagram-

Components Value or reference
Speed Potentiometre 10kQ2
Torque Potentiometre 10kQ2
R1 63,9kQ
R2 8kQ
R3 8,2kQ
R4 15kQ
R5 100kQ
R6 100kQ
R7 100kQ
Rr 12kQ)
Cr 150nF
Integrated circuit UC3842a
Relay 12v 2RT

-Table of values and Components-
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-Power Circuit Diagram-
Components Value or reference
Integrated circuit IR2133
Integrated circuit LS7404
Transistor IRFP350
R8 10kQ
R9 10kQ
R10 5kQ
R11 13kQ
R12 100kQ
R13 0,05Q

-Table of values and components-
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General Conclusion

In this project, we studied the control of DC motor by taking a previous model of the
motor obtained last year and making some modifications, basically in having the possibility to
change the sense of speed and also the possibility of braking.

For that purpose, the main work was to calculate and realise three circuits: a PWM
card controller based on UC3842A, an H-Bridge and its driver the IR2133 and a power supply
mainly based on a full bridge AC-DC converter and a filter capacitor that feed the H-Bridge
and the motor.

We basely used the H-bridge that give us the aptitude to rotate the motor in the both
direction and the braking also. The choice of the H-Bridge switching elements was made after
calculations well specify in chapter two, where we arrived to choose the MOSFETs
(IRFP350) among available transistors in the market.

Despite the big harmonic contents of bipolar PWM control and its CEM noises, we’ve
been forced to use it, basically for its great simplicity, the control was based on the integrated
circuit UC3842 studied in chapter three and who is a current PWM controller. The fact that
the control was based on current variation, was at first very difficult to us to control the motor
speed, because if currents ripple depends on duty cycle, then can be a parameter in control
duty cycle and then speed, the problem is that this command is possible only if load Torque is
constant. This problem led us to introduce another command which is related to the variation
of the average armature current and so to the load torque, which mean that by its use the card
can be used as speed command and in the same time as a load torque value indicator. At first
we worked with a commutation frequency of 10 kHz, but in calculating transistors, we were
forced to lower the frequency to 1 Khz, what has made current ripples very high and limited
our speed control from 0,25T,om to Thom. At the end of chapter 3, we proposed a solution for
this problem which consist of amplifying the average armature current when load torque is
smaller than 0,25Tnom, and to proportionally attenuate the ripples current by increasing
commutation frequency of the PWM controller by a simple use of a double pole throw switch.

Finally, we proposed in chapter four a panel that will be used within our cards to make
possible the realisation of a DC motor Bench test and discusses the procedures and elements
needed (speed sensor, DC generator) which can help us to calibrate the controller card basing
our calibration on a known nominal electromagnetic torque, a known nominal armature

current and a known nominal speed. Indeed, this calibration is based on the hypothesis that
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General Conclusion

motor parameters don’t change', and hence the motor under test will be almost the studhorse.
For the purpose of calibration, we tried to give procedures to do that, but we realised very
quickly the complexity of the work and estimated that this work may be need another project

of other students that will continue the work we have not finished.

1 If it is not the case, because our motors are very old, calibration couldn’t not be

made without load Torque.
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Chapterl Introduction to DC machines

1.1 Introduction:

DC motors are widely used in automatic systems that require precise speed variation,
in this chapter; we present the construction of the DC machine and their operating principle. It
is a question of establishing the different types of DC motors. Then we will give the

advantages and disadvantages and finally the field of use.

1.2 Definition:

Direct current machines are electromechanical energy converters:

Either they convert absorbed electrical energy into mechanical energy when they are
able to provide sufficient mechanical power to start and then drive a moving load. It is then
said that they have an engine operation.

Either they convert the mechanical energy received into electrical energy when they
undergo the action of a driving load. Then we say they operate as a generator.

Motor
Electrical Energy Mechanical Energy
|
Generator ,
Mechanical Energy Electrical Energy
CEEE—— / —_— /

Figure 1.1: DC machine operating system.
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1.3 DC motor setup:

The DC motor consists of three main parts:

> Stator
> Rotor
> The commutator/brush device

Stator

>, Armature Conductors

ICommutator

Figure 1.2: internal structure of a DC motor.

1.3.1 Stator:

The stator is the fixed part of the motor. It consists of a permanent magnet or an

electromagnet powered by direct current excitation (le).

Figure 1.3: stator of DC motor.
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1.3.2 Rotor:
The rotor consists of slots in which is wound a winding of conductors (N) supplied

with direct current (1) via the commutator.

. N/ . | _
B \
A TN o vi
-
i

Figure 1.4: The rotor of DC motor.

1.3.3 The commutator and brushes:

To keep the torque on DC motors from reversing every time the coil moves through
the plan perpendicular to the magnetic field a split-ring device called a commutator used to
reverse the current at that point.

The electrical contacts to the rotating ring are called brushes since copper brushes
were used in early motors. Modern motors normally use spring-loaded carbon contacts, but

the historical name for the brushes has persisted.

Commutator
Brushes

Figure 1.5: The assembly of commutator and brushes.
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1.4 Working concept:
The functioning of the DC motor is based on the Laplace force principle:
A conductor with a Length (L), placed in a magnetic field and traversed by a current,

is subjected to an electromagnetic force.
The field created by the inductor acts on the conductors of the armature: Each of the

(N) conductors of lengths (L) placed in the field (B) and traversed by a current (1) is the seat
of an electromagnetic force perpendicular to the conductor
F =B.I.L.sin < (1.1)

These Laplace forces exert a torque proportional to current (I) and flux (®) on the
rotor. The motor starts to rotate at a speed proportional to the supply voltage (V) and inversely
proportional to the flow (®).

When any armature conductor passes over the neutral line, the current flowing through
it changes direction thanks to the collector. The motor maintains the same direction of
rotation.

To reverse the direction of rotation of the motor, the direction of the field generated by
the inductor with respect to the direction of the current flowing through the armature:

e Either we reverse the polarity of the supply voltage of the armature

e Either we reverse the supply polarity of the excitation circuit

\

¥ ¢ d // "
[ "\ FORCE
l | 57 h LA REGLE DES
\\ 'l I TROIS DOIGTS
~ ¥/ | / DE LA MAIN
! i ',‘ DROITE
déplacement ©

delabige —

Figure 1.6: working concept of DC motor.
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1.5 Counter-electromotive force:

The electromotive force (EMF) is the voltage produced by the rotor during its rotation
in the magnetic flux produced by the fixed part. It depends on the construction elements of the

machine.
EMF = SN. n.d (L.2)

P: number of pole pairs of the machine.
N: number of active conductors on the armature peripheries.
a: number of winding pairs between the two brushes.
n: armature rotation frequency (in t/s).
®: feed under a machine pole in Webers.
Finally we get

EMF=K.Q.® (1.3)
With

K=--N (L4)

1.6 Types of motors:

There are two types of DC motors:

1.6.1 Permanent magnet inductor motors:
There is no inductor circuit, the inductor flux is produced by a permanent magnet.
All low power DC motors and micromotors are permanent magnet motors. They now

represent the majority of DC motors. They are very simple to use

Figure 1.7: Permanent magnet inductor motors.
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1.6.2 Inductor-wound motors:
There are 4 different types of electric motors that are classified according to the type
of excitation that is used, which are:
» The shunt excitation motor.
» The series excitation motor.
» The compound excitation motor.

» The separately excited motor.

a. The shunt excitation motor:

In a shunt motor the field is connected in parallel (shunt) with the armature windings,
the shunt-connected motor offers good speed regulation. The field winding can be separately
excited or connected to the same source as the armature.

The shunt-connected motor offers simplified control for reversing; this is especially
beneficial in regenerative drives

Serles

Field
a V

L
£

Shunt }
Field R"I'

LOAD |

Figure 1.8: Shunt Wound DC Motor.

b. The series excitation motor:

In a series DC motor the field is connected in series with the armature, the field is
wound with a few turns of large wire because it must carry the full armature current.

A characteristic of series motors is that the motor develops a large amount of starting

torque. However, speed varies widely between no loads and fully loaded. Series motors

cannot be used where a constant speed is required under varying loads.
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Series connected motors generally are not suitable for use on most variable speed
drive applications.

* ' A
B
Series

Field ¢ Rse

Figure 1.9: Series Wound Motor.

C. The compound excitation motor:

Compound motors have a field connected in series with the armature and a separately

excited shunt field, the series field provides better starting torque and the shunt field provides
better speed regulation

-+
(=)
Shunt R v <C:()
Field sh —
-
Armature
1 \

Figure 1.10: The compound excitation motor.
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d. The separately excited motor:

In a separate or independent excitation motor, the excitation circuit is separated from
the armature circuit. If the inductor is a permanent magnet, the flux (®) is constant. If the
inductor is an electromagnet powered by an adjustable DC voltage source, the flux (®)
depends only on the current in the inductor called the excitation current (le).

The current creates a field and a quantity of field through a coil gives a flow, if the
voltage (Ve) is constant, the excitation current (le) is constant and the flux (®) is constant.
Under these conditions, the counter-electromotive force (E) depends only on the frequency (n)
of rotation.

Therefore the frequency of rotation (n) is proportional to the supply voltage (V) of the

motor.
I I
e s
+
Field o
DC vV |3
Supply
5 Armature

Figure 1.11: separately excited motor.

1.7 Speed variation:

To vary the speed of a DC motor, one can act on the voltage at the armature terminals;
the armature voltage is directly proportional to the rotational speed. The power varies but the

torque remains constant, this is called constant torque speed variation.
1.8 Power balance and Efficiency:

1.8.1 Power balance:
The balance of the powers involved in a DC motor in rated operation can be

represented by an arrow which shrinks as the power decreases.

10
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The figure 1.12 shows the powers and losses in the conversion of a DC motor.

Electric power
Electromechanical output from

§$$$§§ armature (W)

armature (W)

Armature "

Figure 1.12: power balance representation.

Pe,in = electric power in at terminals (W)

Pacir = armature circuit losses la 2 (Racir) (W)

Py = losses due to brush drop Vb (la) (W)

Pe = electric power delivered to armature (Ea )-Ia circuit (W)

Pem = Electromechanical power developed in armature (Td )- (W)
Psw = friction and windage losses (W) (from test)

Pstray = Stray load losses (W) (from test)

Pcore = core losses (W) (from test)

Pshaft(P,.t) = total mechanical power develop at the shaft (Rated hp)

In terms of losses

Piosses = Pacir + Pp + Pryw + Peore + Pstray (1.5)
Input power
P, =VxI (1.6)
With:

» | =current, measured in amperes (A)

> V =applied voltage, measured in volts (V)

Output power

11
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Pshaft = Pin - Plosses (17)

1.8.2 Efficiency:
Direct current motors consume part of the energy absorbed for their operation. The
mechanical energy supplied will always be smaller than the electrical energy absorbed. The

ratio between the energy supplied and the energy absorbed is the efficiency.

__ Pout
Pin

X 100% (1.5)

1.9 Conclusion:

This chapter has made it possible to recall the various elements that make up a direct
current machine and the operating principle. After our study we found that the separately-
excited motors with a perishing magnet are the most suitable for speed variation. In the

following chapter, we will study the static converters.

12
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Chapter 2 Power supply unit

2.1 Introduction :

The objective of this chapter is to identify and calculate the elements of the power
supply unit of our project, which is constituted by an AC/DC converter (rectifier) and an H-
bridge. In the end of this chapter we will be able to choose the elements that consists the H-
bridge, and the elements that ensure its correctly and safely operating.

The figure 2.1 shows a simple diagram bloc of our project,

Power
supply

Control Power
unit unit

Figure 2.1: bloc diagram.

2.2 Supply calculating:

A power supply is an element that supplies power to at least one electric load.
Typically, it converts one type of electrical power to another, the objective of the power
supply in this project is to feed the motor by a DC voltage, and this purpose is realized by a

simple full wave bridge rectifier with a filter capacitor.

2.2.1 Choosing the rectifier:

Depending on the characteristics measured from the nameplate of our motor, we can

choose the rectifier that could suit our project.

13
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The motor has a nominal voltage of 220V and an I,,,mina: CUrrent of 6.8A, so we use a
rectifier bridge with a Vgzg,, Vvoltage higher than 310V to take account of power surges in the
sector, and a maximum average current Ir higher than 6.8 A. The suitable bridge under these
conditions is the rectifier GBU 12M characterized by a voltage Vizgp, =700V and a maximum

average current I,=12A.

> ur
A 230. VT -.
230V
full wave bridge
(@)
<=
i lne
"m‘? 230. V-‘WW"\
~
-
full wave bridge ®)

Figure 2.2(a): without filter capacitor. (b): with filter capacitor.

2.2.2 Calculating the filter capacitor:

The capacitor is associated with the rectifier, so that the input voltage varies between
two values Vypin andVym,q., @S shown in figure 2.3. Based on 220V and 6.8A motor
characteristics, the power absorbed by the motor: P=220X6.8 = 1496W =~ 1500W.

If the ripple rate! is 25%, knowing that Vj,,,, =310V, we get: Vymin= Vimax- 25%
Vimax, therefore V;,,,,,=232,5 V.

The voltage across the filter capacitor varies between Vg,q,=310V and

Vaimin=232.5V, the energy stored, then evacuated to the motor is described by:

'And with using a PWM controller that is almost needed in the motor command, we will demonstrate
that ripples, no more will, influence the motor operation
2 Because until the current drain has not reached its maximum value, the diode is still ON, because Tﬁ
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AWZ% C Vzdmax _% C V2dmin (2-1)
The average power supplied to the engine is:
Pmoy = % C (Vzdmax _Vzdmin)/ (% —Ta) (2.2)

With T, is the charge time of the capacitor.

Vd max

Vd min

w Ta’

<= TN

)

Figure 2.3: Chronogram of voltage ripples across the filter capacitor.

From the figure 2.3 above:

. T 2TC 2T
Vimin= Vdmax SIN (E - ?Ta) :VdmaxCOSTTa (2-3)
Therefore:
2 Vdmin 232.5
—T[Ta = arcos L 0.72rad so we get T,=2,3ms.
T Vdmax 310

Knowing that:
I:)moy:]-SOOW, C= [Z-Pmoy/ (Vzdmax _Vzdmin)] (; _Ta) = 546|JF, SO C=55OHF.

Our choice is a 550uF capacitor which should bear a voltage greater than 310V, we

take C=550 pF (400V).

2.3 The H-bridge :

In general an H-bridge is a rather simple circuit, containing four switching elements,

with the load at the center, in an H-like configuration as shown the figure 2.4:

15
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Vbbf
—/\o °
‘A’ side B’ side
Q1 Q3
11 —
|l-‘ C1 D3 - ‘
l—_ - ]
— ] L
e— A D2 D3 A —>
1 —
Q2 Q4

Figure 2.4: H-bridge configuration.

2.3.1 Circuit description:

The H-bridge is constituted by a four switching element (Q1, Q2, Q3 and Q4), these
element are usually bi-polar or FET transistors, in some high-voltage applications or IGBTSs
(Insulated Gate Bipolar Transistor). In this project we are going to use the MOSFETSs (Metal
Oxide Semiconductor Field Effect Transistor) which have already body’s diode, but we also
can add diode in parallel to each one of the transistors to improve the switching.

The top-end of the bridge is connected to a power supply and the bottom-end is

grounded and every switching element can be controlled independently.

2.3.2 Operating of the H-bridge:

The basic operating mode of an H-bridge is fairly simple: if Q1 and Q4 are turned on,
the left lead of the motor will be connected to the power supply, while the right lead is
connected to ground. Current starts flowing through the motor which energizes the motor in
the forward direction and the motor shaft starts spinning. And if Q2 and Q3 are turned on, the
reverse will happen, the motor gets energized in the reverse direction, and the shaft will start

spinning backwards.

16
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2.3.3 Controlling the H-bridge:

To control the h-bridge we need a driver that gives an order to the switching element
to turn-on or off. In this work that driver will be the IR2133.

The IR2133 is a high voltage, high speed power MOSFET and IGBT driver with three
independent high side and low side referenced output channels for 3-phase applications. In the
case of our H-bridge we need two high side and low side drivers.

The driver IR2133 is characterized by a fixed dead time DT, which its minimum value
is 100ns, maximum value is 400ns and the typical value is 250ns, which means that when one
of the transistors (High Side or Low Side) is controlled to turn-on, it will be turn on only a
dead time Dt after the other transistor of the same arm is controlled to turn off. Without this
dead time precaution, it is impossible to operate the H-bridge, because any switching involves
a short circuit in the S1 arm in the case of rotation in the positive direction and a short circuit

in the S2 arm in the case of rotation of the motor in the negative direction.

2.3.4 Working concept:

(a) (b)

Figure 2.5: (a) charging path (b) discharge path.

The current path in the transistors and in the diodes parallel to them depends on the
direction of the average current and this depends on the direction of rotation of the motor.
Thus for a positive direction of rotation and therefore a positive average current flowing from
+ to - of the armature’s motor, the load current of the armature flows through the transistors
THS1 and TLS2 as shown in the figure 2.5(a). On the other hand the discharge current flows
through the diodes DLS1 and DHS2 as shown in the figure 2.5(b), since the current is always

positive, it cannot flow from the source to the drain in the transistors TLS1 and THS2 only in

17
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the case of braking. For reverse rotation, however, the load current will flow through the
THS2 and TLS1 transistors and the discharge current will flow through the DHS1 and DLS2
diodes.

2.3.5 Transistor and diode switching:

0%— N/ \ [

10 %
Vas L :\ | /1 \
taomy & tyom &

Figure 2.6: Switching Time Waveforms with resistive charge.

a. Mosfet turn on characteristic :

When the gate driver delivers the pulses to the gates of the high side Hol and low side
Lo2 transistors, the transistors do not close instantly, but goes through different phases:

Delay time tg;: time duration which neither the voltage nor the current in the transistor
changes. This time corresponds to the duration corresponding to the load of the capacity Cgs
to reach the threshold voltage Vg, corresponding to the opening of the inversion channel
between drain and source.

Drain current rise time t,i: Theoretically, this time is defined as the time required for
the drain current to reach (90%) of the final value while \Vds decrease, but this is in the case
of a resistive load. In our case, with an inductive charge things are a little bit more
complicated. Moreover, in the literature the calculation of switching times is always
undertaken by considering the driver as a voltage source and therefore the switching time is
dictated by the charging of the capacitor Cys through the gate resistor via a varying current. In
our case, things are different, because the 1R2133 driver generates a fixed current pulse of

0.2A for the ON state and a negative current pulse of -0.5A for the OFF state, which means

18
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that the capacitor Cg is charged under constant current. By neglecting the parasitic
inductances of the connections between driver and gate and between gate and source, we can

establish that the current in the drain reaches the charging current of the motor armature, as

soon as the voltage Vs reaches the voltage Vs, given that: I, = Cy %, so we have a linear

evolution of the voltage Vs (V5 = Cli t), we deduce that the t;; can be descripted by:
gs

tri — Cng(VIgsp_Vgth) (24)
gon
This gives us: ti= g2~ (2.5)
Igon

Note that this expression does not take into account the effective parasitic inductance
Ls of the Mosfet and the much higher parasitic inductance [5] that can have the printed circuit
track between pin S1 of the driver and the source of the high side transistor or that between
pin com and the source of the low side transistor. As soon as the drain current increases, it
creates an induced voltage at the level of the parasitic induction, thus decreasing the voltage
Vs and slowing down the current increase, which means that the t; is likely to be much
greater than that given by the equation (2.5).

So we will analyse the effect that parasitic inductances can have on t;;. The driver can

be represented by a voltage source V. which generates a constant current I, = Yarive = 9 DA

drive

which loads the transistor capacitance (Cqs). However, as soon as the voltage Vs reaches Vg,
the drain current begins to flow and generates an induced voltage L%’ which opposes the

charging and acts as if the charging voltage becomes the sum of the voltage accumulated at
the terminals of G and that at the terminals of the parasitic inductors. During the charging of
the capacitance Cgs, and before that the capacitance Cgys reaches the value of Vg, (voltage
which will reach a plateau, when the current drain has reached its maximum value because the
transistor is still in the active region and so proportional to the current), the transistor is still in

its active region since the voltage Vgs has not et started to decrease?.

2 Because until the current drain has not reached its maximum value, the diode is still ON, because the
inductor current is almost constant within switching time, so Vds cannot change until the diode is OFF.

19
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D
Cgd
- —_ Id
vdriyeRdrive c
e 4
Cgs
s
L1
L

Figure 2.7: Equivalent circuit.

From the figure2.7 above, we can write:

Vari Ly dI
Rarive Rarive

We know that the capacitor Cys is charged under the current 1, therefore:
aVys

= Cos gy

With the transistor still in the active region, we have

Ip = K(Vgs - Vgth)2 (2-7)

Iy

This gives us:

dlp

AVis
LPE = ZK(Vgs - Vgth) 2

— (2.8)
By replacing the equation (2.8) in (2.6), it gives us the following equation:

AVgs
dt

dVgs  Varive  2KL
Ig = Cys L= e . (Vgs - Vgth) (2.9)

dt Rarive Rarive

And this gives us:

Vdrive
dVgS — Rarive (2 10)
gs Rarive
SO.

(Rarive Cgs + ZKLp (Vgs - Vgth)dVgs = Virivedt (2.11)
The drain current rise time t,; now, is the time when the voltage V4 changes from the

Vg Value to the Vg value, and finally by integrating the equation (2.11) we get:

Vgsp
_ (RdriveCgs + 2KLp(Vgs — Vgth)dVgs
tri = .
Vdrive
Vgth
_(RdriveCgs—2KLp) _ KLp(Vgsp?-Vgth?)
a Vdrive (Vgsp —Vgth) + Vdrive (2.12)

20



Chapter 2 Power supply unit

Fall time t: it is only at the end of the final opening of the diodes, that the voltage
Vs starts to decrease for the two transistors. The drain current having already reached its final
value, the capacitor Cgs cannot be charged moreover because its voltage has reached a plateau
voltage Vs, Which means that the gate current, now charges the capacitor Cyq and this is what
explains the decrease of the voltage Vgs. Any decrease in Vs is expressed by a decrease in Vg
or vice versa of an increase in Vy. Since the voltage Vg does not change any more, this
means that the decrease of Vs is done at the rhythm of a charging of the capacitor Cyq which

is done under constant current:

_ Vdrive

Lyon = 0,24

- Rdrive
Knowing the load corresponding to the plateau (given in the datasheet with Miller's
load name), during which the voltage Vg remains constant, thus load at the end of which the

voltage Vs passes from Vg to Vgson, We can calculate very easily the time tr:

_ Qgmitter _ Qga
try = —Igon = Lon (2.13)
b. Mosfet turn off characteristic:

The opening time tdos: When the transistors THS1 and TLS2 are controlled to switch
off, the capacitance Cgyq is discharged at constant current Ig = 0.5A, so that the voltage Vg
passes from Vcc to the board voltage V. This time is the opening delay time and

corresponds to:

av
Coa—2* = lgops = —0,54 (2.14)

. . 1
In this case, we deduce the evolution of V,; = *‘éLfft , hence:
gd

(Vee—Vgsp) Qg—Qga
taofs :—”ng :9—9(2.15)
Igorr

Igors

Note in this equation that the Cyq value corresponds to the maximum value since the
voltage Vs is small and equal to Vgson.

TheVds Voltage rise time tn,: from the moment that the voltage Vqq reaches the Vgsp
value, the discharge of the capacity Cgyq continues, but this time the discharge is expressed by
an increase of the drain voltage, until the moment when the voltage V4 becomes equal to V.
When the capacitor Cyq Will be completely discharged the presence of the reverse current lgoft

is expressed by a negative ionization on the side of the gate and positive on the side of the
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drain and the voltage Vs will thus continue its increase until reaching the voltage V4. we can
calculate the tr, by:

t,, = 9L (2.16)

" Igosr
The fall time in the drain tg: t5 is the time it takes the drain current to be cancelled.
And it can be calculated by:

tfi = —Qgsp _Qgth (2 17)
Igorf

2.4 Choose and calculate the Mosfet:

The calculation of Mosfet transistors consists in calculating the switching times of
Mosfet transistors during their turning ON and OFF. The purpose of this calculation is also to
determinate the power dissipated P,n, and the switching powers in closing and opening, which
make it possible to calculate the suitable heat sink that will ensure the safely operation of the
transistors. Before to do this calculation, however, we must select the transistors carefully. For
that, we will base the criteria of our choice on several factors:

e The maximum voltage that must be blocked by the transistor and must
therefore be higher than 300V.

e The maximum DC current, which corresponds to the rated armature current of
7A of the motor.

e A low resistance Ro, that ensures a low power Pgp.

e A low reverse recovery time (t.r) of the transistor body diode, which allows us
to reduce current peaks, at the time of transistor closures.

e The price.

Of the Mosfet transistors we have found on the market, the best on terms of features is
the IRFP350, that has a max Rgsion)= 0,322, Vpss=400V and 1p=16A, knowing that the current

of our motor is 1p=6,8A, the IRFP350 can dissipate a minimum power Pon=14W.

2.4.1 Mosfet calculating

a. The time tri

Before we calculate this time, we have to find the coefficient value K, its value it can
be calculated by the equation (2.7), by consulting the datasheet of IRFP350 transistor, we
have a maximum Vg»=4V, and a minimum =2V, we will take the intermediate value of 3V,

also from the datasheet we have Vgs,=4,6V, which gives:
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= o =8 eseav?
(Vgsp - Vgth)2 (436 - 3)2 ’

Now by applying equation (2.12) and considering the inductance Ls of the IRFP350

k

(13nH) and assuming an additional parasitic inductance of the track L(12nH), so Lp(25nH):

- 87 X 2.3n — 2 X 2.656 X 25n L6+ 2.656 X 25n(4.6% —9)
e 17.4 ' 17.4

When switching off, The diode body is characterized by a reverse recovery charge,

= 53ns

that until it hasn’t evacuated let the diode on during a time ts, conducting a reverse

. 1 . . .
current that reach a maximal value I, so that Q,, = 5 lerts with Iy, is the maximum

reverse current in the diode, and I, = tSZ—i where di/dt is the current rate imposed by

the closing of the transistor, which gives Z—i =po _ 584 _ 128A/us. The Qy given in

tri " 53ns

the datasheet corresponds to a di/dt of 100A/ps and a direct current of 16A. Therefore,
that infer that natural recombination is less important than that corresponding to Z—i of

100A/us from the datasheet, but also that Q is smaller than that given by the

datasheet, because the charge which was accumulated in the diode is proportional to

68 _ 128 _

the current. Considering this, we can write that our Q.= Qrrdatasheet 75 X Too

2.56nC (and at most 3.84nC if we take in account the maximum value of Q,r and not

the typical value). Replacing the expression of tsin the function of I, we obtain:

L., = ZQ”% = \/2 X 2.56uC x 128A/us = 264 , and at most I, =31,3A.

From the datasheet, we get also the maximal reverse recovery time:
t,, = 280ns
Now, we get Ipmax=31.3 + 6.8 =38.1A, a small value in front of Ipnax that can be
supported by the IRFP350, which is 60A.

b. The time ty :
Considering the figure 2.8 from the datasheet of IRFP350, that gives the gate charge

(Qg) versus the gate to source voltage (Vgs), we deduce the Qgq value equal to 53nC,
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Figure 2.8: typical gate charges versus gate to source voltage.

By applying equation (2.13) we can easily get:

di 53n
try = Tyom 02" 265ns
The time ty,
It can be calculated by applying equation (2.16), which gives:
53n
t., = Qa _ 33" _ 1 06ns
Lyosr 0,5
The time ts

By applying equation 2.17, we find:

_ Qgsp - Qgth _ 4.5n

tri = =9ns

Lyoss 0,5

Notice that this duration is too short and implies a minimum of Z—i = % = 0,76A / ns,

and generates minimum voltage Lp% = 19Volt (with Lp= Lp +Lpg= 25nH, where L is the

drain parasitic inductance and Lpp is the parasitic inductance of the printed path). This value is

too high comparing to the value recommended by the driver manufacturer that is 5V to

prevent the Boot voltage from being below the under lock bootstrap voltage (vesuv), from

which the driver puts all transistors in the OFF state. So by using the application note [4] and
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By choosing a maximum voltage of 1,5V and ensuring a very low parasitic inductance caused
by the printed circuit, we get:

di _ 15 _ : ; . _Ipo _ 68 _
Pl 60A/us , which gives us ty; = % == 113,33ns

Now, to increase the ts, we have to insert a gate resistor in order to decrease the lgoff

current for a safe operation of the driver. That current must be:

Qgsp—0Q 4.5nC
lgogy = “FE—H% = =0 = 39,7mA,
tfi 113,33ns

Vcc_Vgth _ 17.4-3
Igoff 39,7m

Which gives us: Ri= = 362Q , knowing that Rgiv=34,8Q, that

. . Q 5
gives Rg=Riot-Rarive=330€2, and finally trvzlgfff = % = 1,335us

However, in order to prevent this resistor from having an effect on the transistor
closing switching, we will have to provide a signal diode (such as 1N4148 which can stand a

DC current of 0.3A) in parallel with the resistor Ry

2.4.2 Heat sink calculation:

In order to calculate the radiator required for each transistor, we will have to calculate
the power dissipated in the transistors. This consists of the Pon power, the switching power in
closing and that in opening.

Ponmax=Rdsonl *asonDMax = 13,9W (2.18)

1 1
Pelosing= Ef(Vd + VF)IDmax(tri + trr) + Ef(Vd + VF)IDOtfv
1
= Ef(Vd + VF)(IDmax(tri + tr) + IDOtfv)

1
= 5103 x 301 % (26 x (53n + 280n) + 6,8 x 265n) = 13,03 + 2,71

= 1,574W (2.19)

Where Ipmax is the spike current produced by the reverse recovery charge of the body
diode of the transistor of the low side of the same arm (See figure 2.5, in the case of a rotation
in a positive sense, current is alternatively flowing through transistors (Tys; and Tus2) and
through diodes (Ds; and Dys2)), Ipo is the average current flowing in motor, Ve is the Von
voltage diode and f the frequency transistor’s switching, which we choose to be equal to
1Khz.

1
Popening = - f (Va + Ve)Ipo (try + tfi)
= 110% x 300.6 x 6,8 x (106 + 90n) = 1,175W (2.20)

The total power to dissipate in the transistor is then:

25



Chapter 2 Power supply unit

Ptot=16.65W

By consulting the Figure 2.9 from the IRFP350 datasheet that gives the maximum
drain current versus the case temperature, we can see that with a maximum case temperature
of 125°C it is guaranteed that the transistor can dissipate a current of 7A. So, we have to

ensure a case temperature that is not above 125°C.

1B ‘\"q
"“'n.\
__g 12 "‘h\
;EL N\
© \\_
3 ° <
= \\
[
&S
& ¢ \\
\ |
25 50 706 100 125 1540
Tg, Case Temperature (°C)

Figure 2.9: maximum drain current versus the case temperature.

Now, by consulting the radiator datasheet (aavid standard heat sink datasheet) in order
to determine which radiator may suit to us, the best choice that could ensure the case

temperature that is not above 85°C is the 6400 heat sink.

2.5 Conclusion

In this chapter we made the choice of the different elements that we need in the power
supply unit, the H-bridge and the heat sink(radiator) that ensure a safely operating of
switching element of the H-bridge (Mosfet transistors). This choice is made after a specified

calculation in the different states of our operating.
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3.1 Introduction :

Varying motor speed is based on varying the amount of DC voltage supplied to the
motor. In the past, the method used to do that was usually a linear one and changing of the
amount of DC voltage supplied to motors was not possible without expensive hardware and
large efficiency losses, but with the high density of integration of circuits in the nineties, other
methods based on the pulse width modulation (PWM for short) control of power switching
became more effective and more simple.

PWM control involves giving the motor an average voltage that varies from zero volts
to the full amount, and we will see in the next section how this control is made by the varying
of the duty cycle for each period of the PWM waveform.

In this chapter, we will focus on the design of the PWM control of the DC/DC
converter studied in the second chapter. This control will be based on the integrated circuit
UC3842 and on the calculation of external components.

However, before starting the calculation, we will start by specifying the basic principle

over which the control will be made.

3.2 Bipolar PWM control:

3.2.1 Voltage Transfer functions of the control:

There is two kinds of PWM control: The bipolar PWM control and the unipolar
control. The bipolar PWM control is simpler than the unipolar one. It's based, usually, on
switching the high side transistor of an arm with the low side transistor of the other arm of the
bridge (HS1 with LS2: On, for a positive average voltage applied on the motor, and HS2 and
LS1: On for the negative voltage). This type of control has the advantage to be easy to make
and doesn’t need complicated circuit control, but it’s inconvenient is that it induces in each
period of commutation a bipolar voltage on the load, that goes from -V, to +Vg, creating a
large harmonic voltages and currents in the motor and in the power line supplying the
converter. On the other hand, the unipolar PWM control is a little bit more difficult to make
but offers a very small harmonic content, by its aptitude to deliver a unipolar voltage pulses

on the output of the converter.

27



Chapter 3 Control unit

The bipolar PWM control is based on the comparison of a DC Voltage control with an
alternative saw tooth signal with a fixed frequency and fixed amplitude (figure 3.1). The
comparison results make the switch HS1 and LS2 on or off, and inversely make the switches
HS2 and LS1 off or on.

Vi
Vi—V, -
t
—V, -
(a)
i
]ma.\:
]mm
I I
DT f & t
(b)
i
/\ /\ > All
/ \/ \/ p
(c)

Figure 3.1: Full bridge dc/dc converter for positive armature current.

If we analyze the outputs of the points S1 and S2 (illustrated in figure) witch are

connected to the armature input, we can see that:
1 DT
< VSl > = Ffo Vd dt = DVd (31)
Where D = t"T" is the duty cycle corresponding to the closing of HS1 and LS2, to, is

the time of this closing and T is the period of the switching.
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And
<Vsz>= T [ Vadt = (1= D)V, (3.2)
So the average voltage applied between S1 and S2, is:
< Vsi1s2> = < Vo> = (2D-1)Vy (3.3
This means that voltage is positive When the duty cycle D is > 0,5 and negative when
the when the duty cycle D is < 0,5.

3.2.2 Induced current in the DC motor:

To further design the PWM control of speed motor, we must understand the feedback
of our control on the current, the speed and the EMF (electromotive forces) voltage, that
armature exhibits.

The energy of each push is stored in the inertia of the heavy platform, which
accelerates gradually with harder, more frequent, or longer-lasting pushes.

Pulse-width modulation (PWM), as it applies to motor control, is a way of delivering
energy through a succession of pulses rather than a continuously varying analog signal. By
increasing or decreasing pulse width, the controller regulates energy flow to the motor shaft.
The motor’s own inductance acts like a filter, storing energy during the “on” cycle while
releasing it at a rate corresponding to the input or reference signal. So we can say that during

one commutation, the EMF voltage that motor presents is almost constant, and write:
dig

Vo(t) = Rgaig +Lg dat

+ EMF (3.4)

Where EMF= K;Q, where Kg is a constant depending on the flux induced by stator
input current and Q is the motor speed, Ra: the armature resistor, L, the armature inductor and
I, the armature current.

The inductance of the armatures being very large in the case of DC power motor:
34mH in the case of our motor, we can than neglect the transient current impact on the
medium current I,. The medium current I, depend only on the load couple and while no load
is applied on the motor, the current induced by the frictions is almost higher than the transient

currents induced by L,, so we can rewrite the equation 3.3 like this:

V(D) =< V() > +L, 752 (35)
Knowing that in this PWM control HS1 and LS2 are ON during DT and are OFF
during (1-D)T, we can than represent the DC motor and the full bridge within its PWM

control with the equivalent schemes illustrated in figure 3.3.
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Vo1
Vo La1
La S1 S2
S1 o S2 i
i Vd1 :
Vd . ia
1a

2) EquivalentdizgramwhenHS1 and LS2 2re ON b)Equivalentdizgram when HS2 and LS1zre ON

Figure 3.2: Equivalent diagram of DC motor.

We can notice that when HSland LS2 go off, the direction current doesn’t change,
only now the source voltage is applied through HS2 and LS1.
If we analyse these 2 schemes, we can easily find:
ig(t) = f%dt inthe caseaand i, (t) = —f”“L—:V"dt
So, in each period, the current is growing in DT duration:
i,(0) = %t +1, (3.6)
and decreasing in the rest of the period with:

iq(t) = —Tamintoy 4 ], (3.7)

a

We can easily demonstrate that the current is almost the constant current I, with a

small ripple of:

_ Vamin—Vo _ VamintVo _
Al = =20 DT = ~422== (1 — DT) (3.8)
If we replace V, by the relationship given by the equation 3.3, we find that the ripple
is:
1-(2D-1 VaminD(1=D)T
Bly = Vain ~5,— DT = =22 39

By studying % we can see that the ripple is maximum when D is equal to 0,5 witch

gives us the curve of figure 3.4.This curve can be used as a manner of controlling speed,
because we notice that When D is growing from 0,5 to Dmax=0,95 and V, and speed grows
from 0 to their nominal values, the current ripple decrease which means that the armature

current 1,-AlL increase when D increase. So according to the torque we will usually have a
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growth of current that goes from lamin = la — AlL(Dmin) t0 lamax = la + AlL(Dmaxy and we can

notice that l3min is maximum, when D is maximum and minimum when D is minimum.

We have for Dmjn = 0,5V, Al (Dipin) = V“mi"DmiZ(l_Dmi")T =174

ANd for Doy = 0,95, Al (Djngy) = “minPraxG=Pmac)l — 39414

3.3 The PWM controller Design:

To achieve our PWM control, we will use the UC3842A circuit (figure 3.3), which is
a PWM controller that can generate a duty cycle close to 1. In the case of the UC3842A, the
duty cycle and thus the speed control and therefore the armature voltage control, is done by
current control.

In fact, the control principle of the duty cycle ratio is based on the comparison of the

control voltage Vc, defined by the user, with a voltage Vs proportional to the current flowing

in the motor.
COMP | 1 O 8 | Vier
Ves| 2 7| Ve
CURRENT SENSE | 3 6 | QUTPUT
ReCr | 4 5| GND

Figure 3.3 : UC3842a.

The comparison is such that for Vc greater than Vs, the internal oscillator of the
UC3842 continues to produce a square signal of fixed frequency imposed by the external CT
capacitance and of maximum constant duty cycle imposed by the external RT resistor.
However, since the current in the motor increases linearly during the charge time (equation
3.6), this means that as soon as the detected voltage Vs is higher than the set-point voltage Vc,
the comparator switches to the low state and sets, through an internal RS flip-flop, the output

of the UC3842 power stage out to the low state, thus imposing the opening of the HS1 and
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LS2 switches (or LS1 and HS2 when the converter produces a negative V, voltage) before the
tone duration reaches its maximum value. This means that with the correct choice of voltage
\/c, the duty cycle for closing the bridge power transistors can be varied from 0.5 to Dmax for
a speed variation from 0 to the rated motor speed Qnom (or from 0.5 to 0 for a speed variation
from O to - Qnom). Note, however, that at the beginning, when the motor is stopped, the
detected voltage Vs is necessarily zero, since the armature current is then zero whatever is the
torque, therefore for a Vc even slightly higher than 0, the PWM controller will generate a
maximum duty cycle, so that the armature current evolves towards a current value limited by
the value of the voltage Vc.

As long as the armature current has not reached the value such that the
electromagnetic torque (Te = K1) is higher than the load torque (the torque corresponding to
friction must also be taken into account), the motor will remain at standstill keep the same
state and therefore for an adjustment of the reference voltage, slightly higher than its
minimum value VVcmin, the armature current will evolve during a transient regime imposed by
the electrical time constant La/Ra towards the current I,, whereas the PWM controller will
continue to generate pulses whose duty cycle is equal to its maximum value, as long as the
voltage Vs has not reached the voltage Vc. As soon as Vs exceeds V¢, the duty cycle of the
PWM controller will then depend on the value of Vc and the current evolution in the
armature. Thus, for V¢ varying from VVcmin to VVemax, the duty cycle will vary from 0.5 to

Dmax.

3.4 Changing motor rotation sense:

To rotate the motor in a positive direction, it will therefore be sufficient to control the
THA and TLB switches by the output of the UC3842 with a duty cycle varying from 0.5 to
Dmax and to control the THB and TLB switches through an inverter, so that the closing duty
cycle of these switches is (1 - D)T (Figure 3.4.a).

The choice of reverse motor rotation can be done simply by a switch or by a relay, so
that the UC3842 output controls the closing of THA and TLB in one case and THB and TLA
in the other case (Figure 3.4.b)
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Figure 3.4: (a) Positive Sense. (b): Opposite Sense.

The minimum threshold voltage Vc, from which the motor starts to rotate (in either
direction) is
Vemin = Rs(Iao — Alymax) (3.10)
With Al 4, for D=0.5.
The maximum reference voltage, for which the armature voltage reaches its maximum
value, is
Vemax = Rs(lao — Mpmin) (3.11)
With Al i, for D = Dmax.
The difficulty of control is however made difficult by the fact that the current in the

motor varies with the load torque.

In order to simplify the control and to improve its accuracy, we will carry out this
control voltage by means of two independent set points, one affecting the speed and the other
reflecting the influence of the torque on the armature current, and this by means of voltage
dividers consisting of two potentiometer Potspeeq and POtiorque and 4 resistors R1, R2, R3 and
R4.

3.5 Component calculations for the control Board:

3.5.1 Ry and Cycalculations:
The generation of the UC3842a oscillator square signals is based on internal wiring,

which ensures the charging and discharging of the C+ capacitance.
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As shown in figure 3.4, the Cy capacity is charged through the Rt resistor under
constant current, from pin 8 where a voltage Vgt (5V) is generated, and is discharged through

pin 4.
|
1
VREFl 8 ! l
| = RT
[
RT/CT | 4
B
| —_—— CT
GROUND |5} —=
U
- T

Figure 3.5: Rt Cy Circuit.

The first step in selecting the oscillator components is to determine the dead time.
Figure 3.5 allows the C+ value to be derived from a given dead time. To calculate the dead
time, it will be enough to define for our control a maximum duty cycle ratio, in the case of
UC3842a the duty cycle ratio being limited to 100%, the relationship linking the dead time to
the maximum duty cycle ratio is therefore:

Toeap= (1 — Dmax) X T (3.12)

In our case, Dmax being equal to 0.95 the dead time and the switching frequency is set
at a value of 1 KHz, the period T is therefore 1ms and thus Tpgap =50 ps.

To determine Rt we need to consult the UC3842a Datasheet and take the chart giving
the duty time as a function of Ry (Figure 3.5), so when the duty cycle is at maximum value

(Dmax) Which is 95% we can see that Rt = 12KQ.
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Figure 3.6: Maximum Duty Cycle versus Timing Resistor (determining RT).

And as for the value of Ctwe use the equations

1,72

f:

R7Cr

(3.13)

Knowing that the frequency is 1kHz and Rt = 12k we find that the of the capacity is

Ct = 143.33 nF, we take a normalised value of 150nF which mean that frequency will be a

little bit lower than 1Khz.

3.5.2 Current sensing:

The current detection or sensing of the UC3842a is configured as shown in the

figure 3.6 below

ERROR
‘ ~_AMP
2 2R
/\— H’_N_N_f‘l"’-\flv > i[\.\\.:.)
e | s RE K
’TCOMP )| CURRENT
W e e—— 7 1T SENSE
~ T3] CURRE COMPARATOR
< o= ]'SENSE
<Rs T L. GND

Figure 3.7 : Current Sense Circuit.
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The current-voltage conversion is done externally by a resistor Rs connecting the
source from the Mosfet to the ground.

The PWM control by current control will therefore be done by means of comparing
the voltage Us with the voltage Vs.

Note however that the voltage U is clipped by a 1V Zener diode, by therefore, the

maximum voltage of U, must in no case exceed the value of 1V.

a. Voltage variation range V. of the excitation PWM controller and calculation of

R.:

Knowing that the current excitation of the inductor is proportional to the average
voltage applied, therefore we can establish that Ismin=0 for D = 0. Knowing that nominal
excitation current lmom=220mA given on the name plate of the motor is maximum when D is
maximum, we can write: lgnx=0.22 A' for Dy,

We therefore deduce, from equation 3.3 that Uemin=0V. In addition, the variation in
the output voltage of the internal amplifier must not exceed a voltage of 1.1V around the
virtual ground of 2.5V, because a variation higher than 1.1V below ef the virtual mass implies
a voltage Urs lower than 0, which is not possible and mean that all the values that can be
introduces by the user are similar to a null control voltage and then a null speed. A voltage
variation higher than 1.1V, above virtual ground, can also cause the amplifier to not function

in its linear region. The maximum value of the maximum voltage U emmax IS therefore:
Urefmax = 3 (U* = 2V +1.1) = 0.73V (3.14)
Where U" is the internal voltage of 2,5V introduced to not have a distortion of the
amplifier.
The choice of V. must be made so that it is lower than 0.73V. We choose

Urefmax = 0.7 V, therefore VsmaX: Urefmax :Rs.lsmax(Dmax),from WhiCh we Obtain .

R, = Ysmax — %and finally we get Rs= 3,18, we take a normalised value of 3.3 Q.

Ismax

b. Voltage variation range U of the armature PWM controller and calculation of
Rs:

We know that motor speed and armature average voltage are proportional to the duty

cycle D, but we know also that the average current in the armature depends only on the load

torque, so how can we make the control of the duty cycle based on current? The Response to

this question is in the charge and discharge that inductance L, induces: more are great the duty

'Rated value of the excitation current of the inductor indicated on the motor nameplate.
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cycle and thus the speed and more are great Ismin and V.. The solution to make the duty cycle
controlled by the current is then to have V., maximum for D maximal and Is maximum and
inversely V¢ minimal and Isminimal for D minimal (than close to 0,5).

Based on this analysis, we can already establish:

Ve —Vemi 1 —Ismi =
Vc <1v and cmax”Vemin _ smax(Dmax) ™ ‘smin(D=0,5) (315)

Vemax Ismax (Dmax)

In the case that the motor drives a nominal load torque, the average value of the
current is 1, =6.8A and we have:

1—

- For D just above 0,5: lsmin =lg — Vamin —2 DyinT = 5,14
A

- For D = Dmaxs Temax = Ia + Vimin 1"2:““ DpmaxT = 7,124.

Using Equation 3.13, we can determine the relative range of variation

Ismax - Ismin —1— Urefmin

Ismax Urefmax

= 0.28

. . Urefmin
This gives: % = 0,72

refmax

Taking the choice Uremax 0f 0.7V, we obtain Uremmin = 0.504V= 0,5V

We can deduce the sensing resistance Rs that we must take: Ry = Yemax — Vemin

smax Ismin

0.1Q. With nominal power greater than: R,1? = 0.1 X 6.8% = 4.7W ~ 5W.

3.5.3 Error Amplifier:

The role of the amplifier (Figure 3.8) is to convert the voltage reference Vi
introduced by the user through a potentiometer in a voltage control V.

The amplifier as shown in Figure 3.8 is used in reverse amplification and therefore at

. Zf
gain -—.
An internal 2.5V voltage source is applied to the non-reversing terminal of the

amplifier, to ensure distortion-free amplification by making the virtual ground is not by

ground and therefore the reference potential 0, but before that W;l :

This way everything happens, as if the potential 0 feeding the -V, of the amplifier

becomes equal to -2.5V with respect to the virtual ground.
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2.50V

L + 0.5mA

Figure 3.8: Error Amp Configuration.
To ensure a high output voltage Vs, the R resistor must be selected so that the output
current of the error amplifier is less than 0.5 mA.

In this case the minimum Rs value, must be such that

Voutmax—2.5v
Rfmin = —tO.SmA (316)

We deduce that Reyy;,, = 5ki2
This implies that the value of the resistors Rs Rg and R; should be much higher than

the value of Ry, S0 for the purpose of not disturbing the amplifier function and to ensure a

unit gain, they must have the same value and this value must not be below 5k, because this
forces the O-amp to deliver a high current which implies a decrease of the output voltage of
the internal O-amp (current limited to 2mA in the high state and 0.5mA in the low state), so
for that we take

Rs = R; = R, = 100K

3.5.4 R1, R2, R3, R4 and Potentiometers Calculations:

Until now, we have been able to establish for a nominal load torque a range of
variation of voltage control V¢min t0 Vcmax that ensure a variation of the duty cycle from 0,5 to
0,95, and then a variation of speed from 0 to Qnom, but what would happen if the load torque
change? We know that reduction of load torque implies a proportional reduction of current,
but we know also that armature current ripples do not depend on load torque, but depend only
on duty cycle. Knowing this, we thought first to make 2 independents controls on V., one
related to the reference speed introduced by the user through a potentiometer called Potgpeed

which make the range of the variations of V. equal to 0,2V, and the other one related to a
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reference load torque introduced by the user through a potentiometer called Potrorque Which
reduce the voltage control proportional to the average armature current. But, in this way, the

minimal control voltage will be 0V, so corresponding to an average current of 1,7A% thus
corresponding to only on a load torque equal to ngom = 0,25T},,;m- This means that for

load torques smaller than T,,m/4, the variation of speed is not possible because V. cannot be
smaller than V.. So despite all the values of the speed potentiometer, speed will still be at its
maximal value. To overcome this problem, When we reach this limit of V. of 0V, we may act
on Vs, by multiplying V; by a factor of 4 and then changing the torque potentiometer to its
maximum value, which make the range value of V. another time between 0,5V and 0,7V and
make speed variation possible in a new range of load torques between T,om/4 and Tpom/16, and
so on if the load torque is smaller than this minimal value, we can amplify Vs by a factor of
16.
-Establishing the equations defining the set point voltages:

The speed and torque set point voltage is fed to the UC3842 through the internal

inverter amplifier which delivers a voltage

R R
VO = V+ X (1 + 5/R6> - 5/R6 (Vspeedsetpoint + Vtorquesetpoint) (3-17)

v+ being the internal voltage of 2.5V, which the circuit develops from the voltage of
its reference voltage of 5V to avoid distortion of the set voltages. Looking at the internal
diagram of UC3842 we can see that

Ve == (Vy = 2Va) (3.18)

If we consider equations 3.15 and 3.16 we can notice that minimum values of voltage
set points correspond to maximal value of V. and vice versa maximum values of voltage set
points correspond to minimum values of V..

We know that when V. takes its minimum OV value, Duty cycle goes to 0.5, so speed
goes to 0 and the average armature current I, equals to lahom/4 and the minimal load torque will
be Tnom/4. This is the case where Vssp and Vrsp take their maximal values, so we can establish
from equation 3.15 and 3.16 for Vmin = 0: then Vy = 3V, ,in+2Vy = 1,2V and hence for Rg=
Rs:

Vsspmax + Vrspmax = 3.8V (3.19)

2 Ia'AIL(Dmin) = 0 thUS Ia: AIL(Dmin) :1,7A
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Figure 3.9: internal diagram of UC3842a.

For the choice of the voltageV,,,.., we will base the criteria of our choice on the
operation of the O-amp in linear mode. By choosing a value of 3.3 Volts for the output
voltage of the op amp, we will certainly avoid saturation of it, and therefore the value of
V.max Will be 0.7V. This is a very good choice since the control voltage is clipped by an
internal 1Volt zener diode, we can control other DC motors, which nominal currents can
reach 10A (1V/Rs). From this choice, we deduce:

(Vspeedsetpoint T ViorquesetpointJmin = 5 — Vo = 1,7Volt (3.20)

To solve these 2 equations with 4 unknowns, 2 other independent equations must be
found. If we take a look on the result of maximal excursion be done by Pots on voltage
control V¢ we can say that independently of the position of Potr, a variation of Pots from
Vsspmin 10 Vsspmax Will usually implies a variation of Vemax — Vemin = 0,2V. If we consider
result of variation of Poty on V., we can also show that independently of the position of Pots,

excursion of Potr from V1spmin t0 Vrspmax Will implies a variation of V..,0x — Vernin = 0,68 —

0’4ﬁ = 0,51V. So, we can establish a new independent equation by using:

Vsspmax = Vsspmin _ 0,2

= = 0,39
VTSPmax - VTSPmin 0:51

This third equation means that excursions of Pots represent 39% of excursions of Potr,
S0 we can rewrite equations 3.17 and 3.18 as follow:

Vsspmax + V1spmax = 1,39V 1spmax = 3,8 S0 Vrspmax = 2,73V and Vsspmax = 1,07V

and Vsspmin + V1spmin = 1,39V1spmin = 1,7V S0 Vrspmin = 1,22V and Vsspmin = 0,48V
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If we consider the figure 3.8, we can assert the follow equations:

Tt 2 Vrer = (VspeeasetpomntImax = 107V ForVep =5V (321)
mvref = (Vspeedsetpoint)min = 0,48V (3.22)
Tt Vot = (VeoraquesetpointImax = 2,73 (3.23)
rrron— Vrer = WrorquesetpointImin = 1,22V (3.24)

Having only 4 equations for 6 unknowns, we will have to choose 2 values and calculate the
other four values. We will then choose the potentiometers which must be multi-turn
potentiometers with 5% accuracy (Potsyeeq = POtiorque = 10k€). We will however have to
be very careful in our choice, because the application of our voltage dividers is only
acceptable in the case where the impedance of the resistors R and R, are at least 20 times
greater than the output impedance of the dividers.

So we arrive at the next equations:

0,214R, — 0,7861R, = 0,786Pot; (3.25)
4,52R, — 0,48R, = 0,48Pot; (3.26)
2,73R, — 2,27R5 = 2,27Pot; (3.27)
3,78R; — 1,22R, = 1,22Pot; (3.28)
We obtain

e R,=63,9k

e R,=8K

® R;=872k

e R,=15k

3.5.5 Rg, Ry, Rig, R11, R12 and Ry3 Calculations:
The IR2133 is characterised by a Vip, @ fault output and resistors Ri1, Ri2 and Ris

that are very useful to ensure the protection of the H-bridge and the motor against any
eventuality of a short circuit and thus currents exceeding the nominal current and the safe
motor operation. Voltage at the terminals of the shunt resistor is used to deliver an lyip
voltage, which as soon as it exceeds the maximum value of 0.67Volt (see datasheet) lowers
the power transistor control outputs and signals an excessive current through the brightness of

a Led connected to the fault output. The use of resistors R;; and Ry, gives more flexibility in
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the detection of the fault. In fact, these two resistors placed in parallel with the shunt resistor
allow to adjust the voltage Vuip Of the IR2133 (this voltage Vip IS indicated on the datasheet
with a minimum value, typical and a maximum value, respectively 470mV, 570mV and
670mV), so the calculation of Ry; and R therefore consists only in making a voltage divider
which can apply this voltage at the moment when a current higher than the rated current
crosses the motor. In general, a current of the order of 2 times the rated current is taken to

avoid too strong starting currents, so that voltage divider constituted by Rj;; and R,

Rip

therefore Vshuntmax reaches the value Vi, = 670mV (we take 670mV to be sure that

11 12

whenever Vyip is in the range between Vyipmin @Nd Viripmax, it Will be guaranteed that fault will
be detected).

The resistors Ri; and Ry constitute a voltage divider, of which the delivered Iy
voltage must exceed 0.67 volt as soon as the current exceeds twice the nominal current. Their
values must therefore be very large in relation to the shunt resistance and must be such that
Viwip 1S equal to 0.67V. To make it possible to calculate, we fix one of the two resistances at a
value of our choice and we calculate the other one, so we take Ri,= 100k and we calculate Ri;
using

R
2 Vshuntmax = 0.57V (3-29)

R11+R12

As regards the value of the shunt resistance, its value must be such that 2lahom Ri3 is

greater than or equal to 0.67V, therefore R 5 > 20>;6678

= 0,05Q which must dissipate a power
in nominal conditions greater then 0,05x1,%=2,3W.

In addition to driving the 4 transistors of the converter and detecting current faults,
The IR2133 circuit offers the possibility of adapting the shunt resistance to the detected
voltage Vs needed in PWM controller. Indeed, the IR2133 has an amplifier that allows
through resistors Rg and Ry (see Figure 3.10)to adapt the voltage proportional to the current
that is across the shunt resistor Ryz which is injected into the Ca™ input (non-inverting terminal
of the O-amp) so that it is adjusted according to the user's wishes by the correct choice of
resistors Rg and Ry which adjust the gain of the non-inverting amp that provides the maximum
voltage corresponding to the sensing current at the UC3842A Sensing input, which we had

fixed at 0.7V, in these conditions the gain of the non-inverting amplifier is

R
= Vomax = 0.7 = (14 22) Vin (3:30)
9
Once the shunt resistance is determined, then we will have:
(1+&):LE£:2 (3.31)
Rg RepXIgnom Rgp
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So, we have approximately Rs = Rg and we choose a value higher than 10K as already
explained. Note that if we do not find the shunt value of 0.05C, we can choice Rg different

from Rg, so that we have:

0,7

1+22 =

Rg Rshunt

(3.32)

For the value of Ryp, it must be chosen so as to minimize the effect of the polarization
currents at terminals Ca” and Ca* on the output voltage. Because in addition to the offset
voltage (around a few mV) at the output of the amplifiers, these are characterized by currents
I, at the terminals - and + and these currents risk generating an error voltage between the
terminal - and +, which will be amplified and risk generating a high error voltage. One
solution to minimize this problem is to ensure that the equivalent impedance present at the
terminal - is equal to that presented at the + terminal, so that the V* due to the passage of the

polarization current is equal to the V', which implies that Rg//Rg = Ryp.

a. Circuit adaptation to load torque changing:

We have seen in a previous section that our speed control is limited to a limit load
torque of 0,25Tom, and under this load torque, speed change is no more possible. So as we

have already proposed, a solution to this problem is to amplify the sensing voltage Vs when
current goes under”‘”%. The solution is then to use a switcher and resistors as illustrated in
the figure, so have Rg equal to Rg when load torque is higher than 0,25T ,om, Rs equal to 7Rg
(which make Vsmax = 8XRsnx1s=41;) for load torque between 0,25T pom and iTnom , Rg equal

to 31R.....

Commutator
C&O

R8=Rpo

Figure 3.11: shunt resistance related diagram.
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So at last we arrive at the values

e Rg=10kQ
e Ry=10kQ
e Rio=5kQ
e Ry;;=13kQ
e Ry =100kQ
e Ry;3=0.050

3.6 Conclusion:

In this chapter we touched the subject of control in our project by studying each part
and component used to make our circuit board, from the UC3842a which ensures us, a good

control of speed over our motor.
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4 Chapter 4
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4.1 Introduction

The goal of a bench test for DC motors is to offer all necessary accessories, facilitating
mechanical and electrical measurements and the relationship between them, so as to measure
Torque versus speed and armature voltage, power versus speed, etc.,. For that purpose, the
bench must contain the motor that will be characterized, the speed variator that feed it by
varying average armature voltage, the load torque that must be measured with a torque meter,
an optical speed sensor that must measure its speed by converting it to pulse which can be
measured directly either by a frequency meter or an oscilloscope, DC voltmeter and DC
ampere meter to measure the average armature current and voltage, banana plugs for cabling,
and fault protections circuit that must be efficient to avoid any dangerous motor operation. As
we had explained in the last chapter, our speed variator is based in controlling average
armature voltage, and so the speed, basis on 2 kind of current measurements:

- Ripple armature current measurement which is somewhat compared within a

reference, the user introduce within a precision potentiometer we called Potgpeeq OF
Pots that command duty cycle variation and then speed variation, from a minimum
value to a maximum value.

- Average armature current measurement, which is a measure in some® way of the
real load torque, and hence is compared to a reference, via a potentiometer we
called Potrorque OF Poty, the user adjust to make possible speed variation. This
sensible adjustment of this potentiometer must be calibrated as we will try to
explain further, to be a measure of the real load torque which can be very useful

when we don’t have torque meter.

So, the speed variator, we designed, one time calibrated will save the complicated presence of
a torque meter. Finally, in this last chapter, after a presentation of our print board and some
explanation of the software we used, we will present the panel, the circuit must have to
facilitate measurements and finally we will try to give some guidelines for a further project of

calibration of our realization.

b 1,=K;Tem, Where Ky is a constant that depends only on the intensity of current flowing in to the
excitation windings, and T, is equal to the friction Torque + load torque, so knowing the friction torque, we can
say that the average armature current is also a measure of load torque.
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4.2 Printed Board design:

When PCB was not discovered yet, all components were connected with wire
externally, same as we connect all components on a breadboard. But this increases complexity
and size. To solve this issue, PCBs were invented. Now to design a PCB, there are many tool
and software available like EAGLE, Multisim, EasyEDA, Alitium design, Proteus, OrCAD,
and KiCAD. These softwares are widely used for PCB designing as well as for simulation of
the circuit. In this project we have designed our PCB using EAGLE.

421 EAGLE

Most useful and common PCB software designing is EAGLE. EAGLE has a very
simple, effective and easy interface and provides a library which contains a large number of
electronics components. That is the main reason for being most popular PCB designing
software among educationist and professionals. The free version of this software is available
on website of AUTODESK, from where we already downloaded it.

EAGLE has two editors, schematic editor and PCB layout editor. The schematic editor
is used to add all components and connect according to the circuit requirement. This
schematic file has unique features like modular design block, multi-sheet schematic,
electronic rule checking and real-time design synchronization. After this, schematic is directly
converted into PCB layout editor, in which we can set components according to less
complexity. This PCB layout editor also has some hood features like alignment tools, obstacle
avoidance and routing engine. These features are available in free version. The big
disadvantage in the free version of EAGLE is the limited size of board (10 centimetres x 8
centimetres), which means that we cannot design and make a PCB boarder higher than 80cm?.

This disadvantage obliges us to design three different boards.

a. Power supply board

The power supply board required to feed the other two boards, one by a voltage of
310V, which is the H-bridge board, and the other by a voltage of 18V which feed the control
board.

This board contains a GBU 12 full bridge, two capacitor in parallel which gives a filter
capacity of 550uF (value calculated previously in chapter 2), a resistance for the discharge of
the capacitor for supplies a voltage of 310V for the H-bridge, and two other capacitor which

form of a voltage divider in order to have a voltage of 31V to feed the 7818V regulator in the
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control unit which we will discuss later in this chapter. Figure 4.1 shows the circuit from the
schematic editor in EAGLE.

)l

1

Figure 4.1: schematic of power supply board.

This schematic converted into PCB layout editor. After we set our components in

where it’s less complex we get a one side board as shown in the figure 4.2.

Kab & M'ziane

Figure 4.2: PCB layout of power supply board.
Our board size is 9,1cm width and 4,7cm height.

b. H-bridge board

The second board is constituted by the H-brige and its driver which is the IR2133.

The IR2133 doesn’t exist in EAGLE library, after searching on web but we didn’t
find it. Another driver was found, the IR2130, it has the same package with the IR2133, but
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the pines are not in the same position. Fortunately, we found that EAGLE offers to us the
opportunity to edit a library to make a new one. Indeed, that what we did for the IR2130 to get
a new library for IR2133.

The figure 4.3 shows the circuit from the schematic editor in EAGLE.

Figure 4.3: schematic of the second board. .
It seems from this schema that the board will be a little more complicated than the
power supply board, and because of the limited size (only 80cm), that forces us to design a
two side board, and that what we get in the figure4.4. The blue connection is on the bottom

side and red connection is on the top side.

POCCOPODIDODITOODOBODOEDOBERY
) bg0go000QuoCHr
Soccocecoccoonecooccocccse @

Figure 4.4: PCB layout of the second board.
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C. The control unit board

This board it constituted by a regulator 7818, relay 12V and the control unit that we
discussed previously in chapter three, it formed by an integrated circuit which is UC3842,
resistors, capacitors and two potentiometers, as shown in the figures 4.5from the schematic
editor

| S
R

Figure 4.5: schematic of the control unit.
After set the component in reasonable places in the PCB layout editor we get a two

side board as shown in figure 4.6.

Kab & M'ziane
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Figure 4.6: PCB layout of the control unit.
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4.3 Panel design:

To facilitate measurements, the panel must present as illustrated in figure 4.7, the two

precision multi-turns potentiometers Pots and Poty early studied in chapter 3, the double four

pole through switch that was proposed to small load torque measurements, 2 banana plugs +

and — linked respectively to the node S1 and to the node S2 for armature windings, 2 banana

plugs + and — for excitation windings®. Other banana plugs for armature average current and

voltage measurement will be also useful. Banana plugs for average excitation current

measurement will be useful to measurements of speed and adjustment of torque while

excitation flux is varying. Finally 2 male BNC records for speed measurements within

oscilloscope or frequency meter.
+ _ + _
O~ p© © -~ ©

Tnom/4 @ max

Tnom/16 @ Thom

Potr Pots

min max max

min

Figure 4.7: Panel.

4.4 Discussion of Calibration:

We will try in this section to:

© — ©
I

©@ — ©

© Va ©

© Speed meas ©

Fault o

Power On/oFF @

1- explain the way that we will use to make speed variations while load torque

is not known, and by varying speed, we will find how we can measure

2 which will be powered by a control card realized before by other students to make variable excitation

voltage
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electromagnetic Torques, and thus to have speed versus electromagnetic
torque.
2- Try to explore a way to calibrate our special speed variator.

We know that speed is usually related to load torque, so to varying the motor speed,
we must apply a known load torque, and then measure the speed to be able to find the torque-
speed-armature voltage curves. But how can we apply a load torque? In the practice, the
method usually used, is to fix the engine shaft of the motor we want to characterise to the
shaft of a dc generator that will be rotated and produce electrical energy proportional to the
electrical load that is connected to its excitations windings, and measure the electromagnetic
torque produced via a torque meter.

Motor shalt generator
SPP:Ed | shaft \I DC generator
Variator rr =

- @ % M| E

,_I R
Torque Speed
meter  censor

Figure 4.8: measuring chain of torque.

In our case, we have in automatic laboratory DC motors, DC generator and a Speed
sensor, but still we don’t have for the moment the torque meter. Knowing the nominal
electromagnetic torque and the nominal current, we can use this in a first calibration. So, first
we begin with the procedure A, where we will try to calibrate speed potentiometer in its
minimal position which corresponds to 0 speeds.

A) We turn the torque potentiometer so that it corresponds to the nominal value of the
electromagnetic torque ( Potr at maximal position corresponding to Vrspmin) and turn
speed potentiometer slightly close to 0 speed (Pots at its minimal position
corresponding to Vsspmax. At first time motor was not rotating, so there is no armature
current yet present which means Vs is 0. Then PWM controller will produce maximal

duty cycle, in each period of commutation, which imply that we will have a transient
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time, where motor’s EMF is null, which mean that a higher current will be developed,
but as soon as the current reach the fault current value (2x6,8A), the motor is
protected by armature voltage suppression induced by the IR2133 during some
commutation periods. So as long as transient time is not finished?®, speed continues to
grow even if motor’s speed potentiometer was adjusted to its minimal value. Still we
don’t have increase the electrical load of generator, the armature current will then
diminish (the transient time take only 1 to 2 seconds, a simulation with PSIM have
demonstrated it) and once, we are in the permanent regime, we will have a maximal
speed slightly higher than nominal speed, and ever we turn the speed potentiometer or
no, nothing happens and speed doesn’t change. So we let speed potentiometer slightly
close to 0 speed, and then, we increase electrical load, and measure armature current,
until it reaches the nominal value of 6,8A. Notice that as soon as armature current
reach the value of 5 A, Duty cycle and also speed begin to diminish. When we notice
that, we increase electrical load so that average armature current reach its nominal
value. In this step, we must be care that motor doesn’t stop rotating, then we must turn
slightly speed potentiometer, so that motor continue to turn. Once, average armature
current has reached its nominal value (in our case 6,8A), this terminate the procedure
A.

B) We verify if turning back the speed potentiometer in its minimal position will stop
motor. If it is the case, we repeat the previous procedure A and begin procedure C, if
not, that mean Vsspmax IS t00 low, so we must adjust R, slightly, until motor stop
rotating and we repeat the previous procedure A. Procedure B terminate the
calibration of the minimal speed and begin the procedure C of the calibrating of
nominal speed.

C) We turn speed potentiometer until speed reaches its nominal value 1500rpm. 2 cases
can be presented:
1-If speed doesn’t reach this value, that mean V. voltage is lower than it must be, so 3

actions may be possible:

a- Either, Vsspmin is not too low, so we must diminish Vsspmin, by changing the value of

R, resistor”, so that speed reach the nominal value 1500rpm.

® Transient time is related to basically to the mechanical and electrical characteristics: Inertia moment,
friction of the motor, R, and L.
*In this phase of calibration all resistors Ry, R,, Rz and R, must be adjustable.
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b- Either, Vrspmin IS t00 high, so corresponding to a lower torque.

c- Either the more complicate case, where the two potentiometers are not calibrated.

For simplify the analysis, Let us choose the case a. Doing that and one time speed has
reached the nominal speed value suppose that Torque potentiometer is supposed calibrated at
its nominal position.
Choosing case a, we will now turn potentiometer Poty slightly, within changing the electrical
load of generator and take care that speed do not change a lot (not exceeding too high the
nominal value, and not goes too below the nominal value of speed, risking stop motor). We
continue to turn Poty and lower electrical load until average current reaches 1,7A (lanom/4),

Speed _Ralgnom

. . . . . T \4 . -

and speed is a little bit higher than nominal speed: TR0 = —amem. — 19 |fitis
Speedrnom 1—m

the case, that mean that torque potentiometer is good calibrated, if not, that mean that case a,
we’ve chosen, was wrong or not too right we have either the case b or c.

Finally, we think that we demonstrated the complexity of the calibration work, and may be
other strategies must be used before applying voltage on motor. Another more simple method
is to control the PWM card controller and verify the threshold voltage of Pots and Potr
studied in chapter 3, within an oscilloscope, a DC alimentation and a voltage divider that will

vary the sensing voltage before calibration.

4.5 Conclusion:

In this chapter, after showing the three PCBs that we made and then proposing a
design of panel, we studied the calibration of the motor’s speed and torque. We also discussed

the different case that we might get and the explanations of each of these cases.
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EMF: Electromotive Force.
T, drain current rise time.
Taotr: turn off delay time.

Tdon: turn on delay time.

Lists of acronyms and abbreviations

T discharging time le temps de la decharge de Cgd et la augmentation de Vds.

Ty : drain current fall time.

Ty reverse recovery time.

PWM: pulse width modulation.

DT: Dead Time.

HS: High Side.

LS: Low Side.

Te: electromagnetic torque.

Vssp: Voltage speed setpoint.

Visp: Voltage torque setpoint.

PCB: Printed Circuit Board.
Qc: total gate to charge.
Qgs: gate to source charge.

Qcp: gate to drain.

Qrr: reverse recovery charge.



	page de garde.pdf (p.1)
	intro ( page separation ).pdf (p.2-12)
	Chapter 1
	Introduction to DC motors
	Chapter 2
	Power Supply Unit
	Chapter 3
	Control Unit
	Chapter 4
	Practical issues and reflections on a test bench realization
	References
	List of Acronyms and Abbreviations
	General Introduction
	General Conclusion
	Annex

	appendices.pdf (p.13-15)
	Diagrams and results of the circuits that make the drives

	ReferencesPDF.pdf (p.16)
	List of figures.pdf (p.17-18)
	general conclusion.pdf (p.19-20)
	Chapter 1.pdf (p.21-31)
	1
	1.1 Introduction:
	1.2 Definition:
	1.3 DC motor setup:
	1.3.1 Stator:
	1.3.2 Rotor:
	1.3.3 The commutator and brushes:

	1.4 Working concept:
	1.5 Counter-electromotive force:
	1.6 Types of motors:
	1.6.1 Permanent magnet inductor motors:
	1.6.2 Inductor-wound motors:
	a. The shunt excitation motor:
	b. The series excitation motor:
	c. The compound excitation motor:
	d. The separately excited motor:


	1.7 Speed variation:
	1.8 Power balance and Efficiency:
	1.8.1 Power balance:
	1.8.2 Efficiency:

	1.9   Conclusion:

	Figure 1.10: The compound excitation motor.

	Chapter 2.pdf (p.32-47)
	2
	2.1 Introduction :
	2.2 Supply calculating:
	2.2.1 Choosing the rectifier:
	2.2.2 Calculating the filter capacitor:

	2.3 The H-bridge :
	2.3.1 Circuit description:
	2.3.2 Operating of the H-bridge:
	2.3.3 Controlling the H-bridge:
	2.3.4 Working concept:
	2.3.5 Transistor and diode switching:
	a. Mosfet turn on characteristic :
	b. Mosfet turn off characteristic:


	2.4 Choose and calculate the Mosfet:
	2.4.1 Mosfet calculating
	a. The time tri
	b. The time tfv :
	c. The time trv
	d. The time tfi

	2.4.2 Heat sink calculation:

	2.5 Conclusion


	Chapter 3.pdf (p.48-66)
	3
	3.1 Introduction :
	3.2 Bipolar PWM control:
	3.2.1 Voltage Transfer functions of the control:
	3.2.2 Induced current in the DC motor:

	3.3 The PWM controller Design:
	3.4 Changing motor rotation sense:
	3.5 Component calculations for the control Board:
	3.5.1 RT and CT calculations:
	3.5.2 Current sensing:
	a.  Voltage variation range Vc of the excitation PWM controller and calculation of Rs:
	b. Voltage variation range Uref of the armature PWM controller and calculation of RS:

	3.5.3 Error Amplifier:
	3.5.4 R1, R2, R3, R4 and Potentiometers Calculations:
	3.5.5 R8, R9, R10, R11, R12 and R13 Calculations:

	3.6 Conclusion:


	Chapter 4.pdf (p.67-77)
	4 Chapter 4
	4.1 Introduction
	4.2 Printed Board design:
	4.2.1  EAGLE
	a. Power supply board
	b. H-bridge board
	c. The control unit board


	4.3 Panel design:
	4.4  Discussion of Calibration:
	4.5 Conclusion:


	ACRO ABREV_PDF.pdf (p.78)

