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Abstract - Correction of lower harmonics of the cyclotron
magnetic field is of great importance for its operation. Error in
the magnetic field lower harmonics can reduce the efficiency of
the beam extraction. For control of the cyclotron magnetic field
lower harmonics, the so called inner and outer harmonic coils are
provided. These harmonic coils must be fed by a very high
accuracy current source power supply. This power supply must
be equipped with a high resolution measurement and control
scheme. Harmonic coils are supplied with conventional thyristor
controlled converters with analog control strategy. Frequent
interruption of operation and difficulties in the adjustment of
harmonic coil current lead to economical and research - time
losses. This research project aims to replace this conventional
system with a more effective, accurate and less complicated
digital control system based on Motorola DSP56F807 and high
switching frequency power circuit.

Index Term - Cyclotron, DC-DC choppers, DSP applications.

1. INTRODUCTION

A multichannel power supply system feeds the harmonic
coils with dc current to establish a magnetic field so that a
vertical component of this magnetic field is excited in the
median plane in the area of location of these coils. The
magnetic field set by the main magnet in the central region
and at the edges of the chamber has lower harmonics due to
the magnet geometry. These lower harmonics result in a non
uniform magnetic field and affect the circulation of the beam
in these regions and, consequently, reduce the efficiency of the
ion beam extraction from the cyclotron. Fig. 1 shows the
location of harmonic coils inside the chamber.

Actually, stability of the acceleration process, attainment
of the final energy of the accelerated beam from the cyclotron
and efficiency of the beam extraction system depend on the
lower harmonics control. Error in the magnetic field lower
harmonics can reduce the efficiency of the beam extraction
resulting in complete disappearance of the extracted beam of
the cyclotron. Harmonic coils are supplied with conventional
thyristor controlled converters with analog control strategy
based on conventional control techniques. Frequent
interruption of operation and difficulties in the adjustment of
harmonic coil current lead to economical and research - time
losses.

This research project aims to replace this conventional
system with a more effective, accurate and less complicated
digital control system based on Motorola DSP56F807 and
high switching frequency power circuit. Actually all the bulky
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modules including the analog integrator, the signal monitoring
and protection, the pulse phase modulator, normalizers,
current transducer and the comparator are all replaced by a
single module circuit[1-2]. This paper is organized as follows.
In section II the conventional power supply was presented to
shows its different components and how it is replaced by the
proposed digital system which was designed in section III.
Section IV presents how the system was implemented and the
flow chart of the main program. Section V presents
comparison between the experimental results of the proposed
and the conventional systems to show the gained
improvements. The conclusions were drawn in section VI.
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Fig. 1 Location of harmonic coils inside the chamber

II. THE CONVENTIONAL POWER SUPPLY SYSTEM
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Fig. 2 Block diagram of the existing power supply system
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Fig. 2 depicts the block diagram of the overall
conventional power supply system. The multichannel power
supply of harmonic coils consists of six channels dual power
supplies of stabilized current. Every channel has a power unit
and channel controller. There is a part of the power supply
common to all channels. This part is the communication and
monitoring unit.

In addition the system comprises the universal
communication control cards, one for each channel. This card
is responsible for the control and monitoring functions
according to the specified program and for transmission of
information on power supply operation both in the local and
remote control regime [2].

A.  The power unit of the conventional power supply system

The circuit diagram of the power unit is shown in fig. 3.
The thyristor VS7 installed between the power inputs of the
power amplifier transistors is triggered when voltage across
VT1 is increased. This is made to protect the power amplifier
transistor VT1 against inadmissible over voltages particularly
dangerous at a short circuit on the load. The thyristor VS6
with the circuit R6, VD1, VD2 protects the harmonic coils
against inadmissible over voltages on the power supply
channel output.

VD6 VD7 R7

I VD3 |VD4] VD5 H.C.
N

VT1| R3 V84 | VS5
L] lTeal [\ vm) Ré R6

Suppl
pply o WAt [ Fe ]
R1 XTF
VS8 EX
Isolation D1

c2 C4
) amplifier
L1 J I R2

VD2
KM1 ¢ " VAN *~—o
The pulse phase The current
modulator source adapter

Fig. 3 The circuit diagram of the power unit of
the power supply of harmonic coils

B.  The channel controller

The channel controller consists of set of communication
and control cards which comprises the following units
according to fig. 4.
1- The universal communication control (U/C) card.
2- The comparison device (C.D.) (comparator) card
3- The current source adapter (C.S.A.) card.
4- The measuring current transducer (M.C.T.) card.
5- The regulator card.
6- The phase pulse modulator (P.P.M.) card.
7- The synchronization voltage normalizer (S.V.N.) card (on
load).
8- The synchronization voltage normalizer (S.V.N.) card (after
the passive filter).
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Fig. 4 The detailed blo?diagraim for the channel controller J

The power supply channel protection system is made so
that all signals from sensors of controllable parameters of the
power unit are collected in the current source adapter which
depending on the signal type switches a channel to one of the
main status of the power supply. The deblocking system in the
power supply channel is made so that the circuit reset is
possible only after shooting of any type of troubles, which are
indicated on the front panel of the control console. Voltage
feedbacks after the passive filter and on load are realized by
the voltage normalizers.

III. DESCRIBTION OF THE PROPOSED POWER SUPPLY
SYSTEM
The new power supply system constitutes three compact
units; the digital signal processor, precision Hall Effect current
measurement module and six PWM chopper units one for each
module. The general block diagram of this system is depicted
in fig. 5.
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Fig. 5 General block diagram of the new system



A. Current Measuring Circuit

The measurement of dc load current is necessary for
closed loop control. There are various methods to measure the
dc load current, the traditional method for measuring that
current was based on measuring the voltage drop on a small
series resistor. Another method based on Hall Effect sensor is
implemented in this work for the dc load current measurement
as shown in fig. 6.

The current measuring circuit permits high isolation
between high power and low power sides. The measured
current is transformed through a Hall transducer (LAS55-P)
into voltage signal with a suitable scale factor, which is
determined by adjusting the measuring resistor Ry that
provides a scale factor of 3.3V/20A. The TLO81 op-amp and
its adjustable offset resistor Ry are used as buffer to prevent
loading on the measuring circuit [3].
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Fig. 6 Current measuring circuit
B.  The Power Circuit
The type of power circuit capable of supplying dc current
in either direction without any external switches is the four
quadrant DC chopper. Fig. 7 shows the typical configuration
of this chopper.
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Fig. 7 Main power circuit

C. Steady State Analysis of Step Down (buck) Chopper with
RL Load

The step down DC-DC chopper is shown in fig. 8(a)
where the load is R-L. When Q1 is ON the supply voltage
appears across the load and the current would increase until it
reaches the steady state value expressed by i=E4 /R.
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Fig. 8 Step down chopper (a) circuit diagram (b) current and voltage
waveforms.

Mode 1: 0 <t < T,, when QI is turned on, current flows
through the path Ey., R, L and Eg. . For this mode of
operation the differential equation governing this performance
is given by

E, =Ri+1L d—l
dt
Mode 2: T,, <t < T when QI is off, the load current
continuously flowing through the freewheeling diode in Q2.
For this mode of operation, the differential equation governing
its performance is given by

di

0=R + L%,
dt

By taking inverse Laplace transforms and making

substitutions we can get:

[ :]max _Imin

pp
E (l_efKT /r)(l_ef(lfKT)/T)
=z — o 7/ 3)

For0 <t < T, (1)

ForT,, <t<T 2)

— dc

Where I, is the peak to peak ripple and k is the duty cycle.
This equation shows a number of important features of the
ripple current.

-The ripple current reduces to zero as k approaches 0 and 1.
-Differentiation of eq. (3) reveals that the max. ripple current
I, occurs at k=0.5.

-The longer the load L/R time constant, the lower the output
ripple current I,



-The higher the switching frequency, 1/T, the lower the output
ripple.

D. Design of the Snubber Circuit

Snubbers enhance the performance of the switching
circuits and result in higher reliability, higher efficiency,
higher switching frequency, smaller size, lower weight, and
lower EMI. The purpose of RCD (resistance, capacitor and
diode) snubber used in clamp mode is different from one used
in the rate of rise control mode. In clamp mode the objective is
to keep the switch from exceeding some maximum voltage.
The switch itself will have to sustain the peak power
dissipation of turning off. Only the peak voltage will be
limited. The prime characteristic of the snubber which
distinguishes the clamp mode from the rate of rise control
mode is the RC time constant which is much longer than the
switching period in the clamp mode. The circuit shown in fig.
9 cannot be used for rate of rise control mode since there is a
DC path through the snubber. To function properly the resistor
value must be large [4].

Z Ds

BYW29-150

:

—

10K
Rs

N

Fig. 9 The RCD clamp snubber

E.  Heat Sink Design

Switching losses in MOSFET's tend to be very low at
frequencies below 50 kHz and therefore may be neglected,
along with gate and off state losses. The first step in thermal
design is to determine the total power dissipation in the device
which is generally dominated by the conduction loss. Since
the switching frequency and duty cycle are both relatively
high the thermal resistance concept based on average junction
power dissipation is valid. Assuming zero losses other than
conduction losses.

F,=F, :Idsz

Is(on

QFON+a(T,,,, ~25C)] @
Where P, :The total dissipated losses, P_ :The conduction
losses, 1 4 - The drain current, R ds (on ) - The on state drain to

source resistance , T, : is the maximum junction operating

j max
temperature and & : is the temperature coefficient of the on
state resistance of the MOSFET and is typically 1 percent.

T.. =T, +R, P, 5)

J max Oj—a

Where R bi—a
From datasheet of the MOSFET IRF740, T]. o = 130 °C,

is the junction to ambient thermal resistance.

R, (on) (25 °C) = 0.45 ohm and the ambient temperature

T, =25°C.
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Fig. 10 Heat sink typical data

To design a finned type heat sink as shown in fig. 10(b) with
length = 75 mm. then from fig. 10(a), Ry, (the sink to
ambient thermal resistance) = 1° C/W. From datasheet of the
MOSFET IRF740, Ry (the junction to case thermal
resistance) =1° C/W. If we do not use mica insulator and
silicon grease is absent then Ry (the case to sink thermal
resistance) = 2.5 © C/W. Consequently Ro.a) = Ro.c) + Roes) +
Rﬁ(s-a) =4.5°C/W.

Substituting in (5) gives Py = 27.8 watts and substituting
for Iy in (4) results Iy = 5.25A. From datasheet of MOSFET
IRF 740 the maximum current at (T, = 25 ° C) = 5A and to
achieve the maximum current 20A in the harmonic coils we
must use four MOSFET's in parallel and every MOSFET has
the same heat sink [5].

IV. SOFTWARE SET UP OF THE SYSTEM

In this work, software implementation of the system is
based on digital signal processor DSP56F807, which contains
different facilities that are studied and experimented
individually using simple programs [6,7]. These facilities are
the following:
Analog to Digital Converter Unit (A/D)
Pulse Width Modulation Unit (PWM)
General Purpose Input Output Unit (GPIO)

A.  Implementation of Load Current Closed Loop Control
The software algorithm of the closed loop control shown

in fig. 11 can be described as follows:
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Fig. 11 Load current closed loop control
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The actual load current is measured through the
measuring circuit and compared with the reference current,
and the resulting error signal is applied to the PI controller to
produce the control signal of the MOSFET transistor.

B.  Software Algorithm of the Main Program

The main program includes the following sections:
1) Definition and initialization of variables: There are many
variables need to be defined and initialized in registers at the
beginning of the software program such as actual and
reference currents, gains of the controller and PWM
frequency.
2) Configuration of A/D unit: The ADC unit was configured
for single sequential configuration and single ended
connection. All optional interrupts zero crossing, low limit,
high limit and end of scan interrupts was disabled.
3) Calculating the PI controller output: The PI algorithm will
be designed to achieve improved transient response with zero
steady state error and stable dc load current.
4) Configuration of PWM unit to produce the PWM signal
output: The PWM unit was configured for independent
channel operation and edge aligned pulse width control to load
the desired PWM frequency, which achieves the minimum
ripples in the dc load current. The flowchart of the main
program is shown in fig. 12.

Definition and initialization of variables

v

Configuration of the ADC unit

v

Calculating the PI output

A 4
Configuration of the PWM unit

End

Fig. 12 Flow chart of the main program
V. EXPERIMENTAL RESULTS

Results of the experimental work are demonstrated for
closed loop control system. The controller is practically tuned
to obtain the optimal parameters of the PI controller. The
experimental results of the conventional power supply system
are also presented to compare with that of the new system to
show the obtained improvements. The experimental prototype
of buck chopper is supplied from 24V three phase voltage
source that was rectified to 54Vdc. The chopper circuit has
current rating 20A, equals to the maximum load current of
harmonic coils.
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A. Experimental Results of the Conventional Power Supply
System
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Fig. 13 The transient response of the conventional
power supply system at 6A

Fig. 13 shows the waveform for the transient response of
the conventional power supply system where the system
responds slowly. From this figure it is observed that the
system has underdamped response with about 20 % overshoot
and 70 ms settling time. It is clear the system has a delay
caused by the analog components of the conventional power
supply system. Fig. 14 shows the waveform of load current in
steady state. Measurement shows that ripples were neglected
due to the series choke inductance in the LC- filter.

CHI1: 1.000V/DIVDC TBA:10ms TR: CHI+DC PT:0

Current (A)

Time (ms)
Fig. 14 The steady state load current of
the conventional system at 6A

B. Transient Response of the Step-Down Chopper

Fig. 15 shows the waveform of the transient response of
the buck chopper using PI- controller and the designed
parameters kp = 3 and k; = 500 from the simulation results.
The reference current is 4.0 A. This figure shows critically
damped response with 3 ms rise time. The proposed system
offers high performance in the transient state. Therefore this
performance is much better than that of the conventional
system. The steady state error is zero due to the integral term
in the PI-controller and the ripple content in the same order of
magnitude as that of conventional system because of the high
switching frequency. Table I shows comparison between the
new system and the conventional system to show the gained
improvements.
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Fig. 15 The transient response of the chopper
TABLE1
COMPARISON BETWEEN THE NEW SYSTEM AND THE
CONVENTIONAL SYSTEM
Th.e nse The settling time Overshoot
time
The new system 3ms Zero Zero
The conventional 3ms 70ms 20%
system

C. Steady State Response of the Step down Chopper

Since the performance of the current source depends not
only on the controller parameters but also on the connected
loads extensive tests were made on the new system changing
the load inductance with the same time constant. Fig. 16
shows the steady state response of the new system with the
same load L = 5 mH and R = 1.1 ohm at 4A and the load is
doubled in fig. 17. It is clear by comparison between the two
figures the ripples have eliminated in fig. 17.
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Fig. 16 The steady state response at load R=1.1 ohm and L= 5 mH
CHI: 1.000V/DIVDC TB A:20us TR:CHI+AC PT:0

Current (A)

Time (ms)
Fig. 17 The steady state response at load R=2.2 ohm and L= 12 mH
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VI. CONCLUSION

From the obtained results we can state that: The
implemented system offers a good transient and steady state
response where the digitally controlled current source can
provide a very fast response, while, at the same time, retaining
all the advantages of a digital design and the model of four
quadrant chopper, used in the design of the system, predicts
correctly the system transient behaviour. The load inductance
is an important factor in the reduction of ripples in the load
current. Therefore, the dc-dc chopper and the DSP based
control and monitor system represent the best upgrading
scheme for the bulky and troublesome conventional system
used.
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