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ABSTRACT

APPLICATIONS OF ACTIVE COMPENSATORS TO MAGNET POWER
SUPPLIES

Ying Wang

This thesis presents the analysis and design of high-current magnet power supply
systems. These power supplies are intended for magnet load applications where low-ripple
and fast response load regulation are required. They can be used in application areas

where the conventional magnet power supplies are inadequate.

The hybrid structures proposed in this work are based on the combination of a
conventional phase-controlled rectifier structure and a series or a shunt connected
switch-mode PWM compensator. The operating principles of the hybrid power supplies
are presented. By using this hybrid structure, phase-controlled rectifiers can be effec-
tively designed to handle the large power required by the load. The switch-mode
PWM compensators are required tc provide only a small portion of output power for

harmonic cancellation and tracking error compensation.

The phase-controlled rectifier utilizes a feedforward control technique to pro-
vide the desired power sharing during steady state and transient operating conditions.
Design considerations of the power circuits and control schemes are developed and
examples are presented. Computer simulation and experiments on prototypes are con-
ducted to verify the theoretical analysis. Results confirm the validity of the proposed

concepts.
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Chapter 1

Introduction

1.1 Background

In particle accelerators, there is one (or more) particle beam path, which usually
takes the shape of a circle, called the acceleration ring. Numerous magnets are installed at
various locations along the ring. A magnet is essentially a set of coils fixed securely in the
metal assembly. Electric current flows through the coils to create the magnetic field which
steers the particles whirling around the ring. There are several types of magnets. Bending
magnets (dipoles) bend the particle beam in a small angle sc that the beam is guided along
the ring. Quadrupoles focus the beam and prevent the particles from straying off their nar-
row path. Correction magnets rectify any small imperfections in the bending magnets and
quadrupoles and compensate for a small misalignment. There are other special magnets at
the interaction region. The excitation currents, such as the bending magnets, require power

supplies with larger current ratings [1].

The quality of the magnet field is the key to precise particle beam control. More-
over, in the geometric position and in the mechanical design of the magnets, accurate con-

trol of the magnet current is the most important factor of accelerator performance. The




more accurate the magnet current, the more precise the particle beam position. In some
applications, focus precision up to 10 “ppm” may be required [1][2][3]. Since the magnet
current is provided and controlled by the magnet power supplies, two stringent require-
ments are placed on magnet power supplies: fast dynamic response and low current ripple

[1-8].

A typical profile of the magnet current is shown in Figure 1.1. An operational cycle
involves four stages: flat-bottom, ramp-up, flat-top and ramp-down. During the flat-bot-
tom and the flat-top stages, the current has to be very steady and the current ripple has to
be within the tolerance. In the ramp-up stage, the current should be able to track the ramp
and at the flat-top, reach the steady state quickly. The function of the ramp-down period is
to reset the current for next cycle of operation. During the ramp-down interval, the dynam-

ics of the current are not of concern.

Flat-Bottom Ramp-Up Flat-Top Ramp-Down|  Flat Bottom
- -1 -

lref

Al Ai

At
At - | e

Figure 1.1: Current profile of the magnet power supplies.
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In conventional phase-controlled rectifier power supplies for accelerator magnets,
the specifications of power supplies are more concerned with stability and ripple under
constant current operation[3]. The dynamic requirements, however, are difficult 10 meet
with conventional phase-controlled rectifier power supplies, particularly if Ai/As is large.
This is largely due to the inherent large dead times and delays existing in conventional

thyristor rectifiers.

To design magnet power supplies which can simultaneously meet both the steady
state and dynamic requirements is a challenge because the fast pace of research in high
energy physics and the increasing applications of particle accelerators constantly demand

better magnet power supplies [1].

1.2 Review of Magnet Power Supply Configurations

Linear power supplies and thyristor power supplies have been traditionally used in
magnet load applications. With the advantage of switching devices, switching power sup-
plies have been increasingly used. In this sections, these three types of power supplies are

briefly reviewed.
1.2.1 Linear Power Supplies

Figure 1.2 (a) shows the block diagram of a linear power supply. In this configura-
tion, a 60-Hz transformer is used for isolation or voltage adjustment. The secondary volt-
age is rectified and filtered, and the resulting dc is fed into a series-pass active element.
The transistor operates in the active region (linear region) and works as a “‘variable resis-

tor” to control the output voltage. The collector-emitter voltage drop v, of the transistor




shown in Figure 1.2 (b) is controlled in such a way that the ripple content in the output

voltage is eliminated. Thus, the voltage waveform across the magnet load is smooth and

the harmonic current in the magnet load is very low.

isolation rcc-:iﬁer series pass
power transformer  pacqive filter element magnet load
HiM
60Hz VA1) R
ac main si -¥"'%
side
vj(t)
v feedback
AN and ——————
controller

reedy 4 heeeeees
' V4 :
vit) Pe Lo (1)
v
REF il b %R,
Ve v,
=

(b)

Figure 1.2: (a) Block diagram of a series-pass regulated linear power supply;

(b) Basic circuit of a linear regulator.
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Linear regulators are particularly suited for compensating low frequency harmon-

ics. Therefore, the passive filter can be designed with a high cut-off frequency. Conse-

quently, fast dynamic response of the entire magnet power supply system can be obtained.

Although linear power supplies in general have a tight regulation together with a
very low output noise and ripple, the disadvantage is the low efficiency. As the transistor
bank constantly carries the full magnet current, and at the same time a positive collector-
emitter voltage drop v, must simultaneously be maintained, ~ large amount of power is
dissipated as heat, resulting in substantial power losses and a very low efficiency (40% ~
50%) [9]. Moreover, it is difficult to protect the linear regulator when large current varia-
tions exist. As a result, this type of power supply is not easily applicable in high current

applications such as bending magnet power supplies.
1.2.2 Rectifier Power Supplies

Currently, most magnet power supplies use phase-controlled rectifiers [2-4]
[71(8]110-13]. This is due to several advantages, such as high power capacity, simple con-
verter structure, simple control scheme, and low cost switching devices (thyristors). Fig-
ure 1.3 shows the system configuration. It consists of a phase-controlled rectifier, a passive

filter and a magnet load represented by a resistor and an inductor.

However, this configuration gives high harmonic ripples in the rectifier output. In
addition, it may contain non-characteristic harmonics which are generated by the imper-
fection of practical systems [11{3][11]. These non-characteristic harmonics, i.e. 120-Hz,
are not easy to filter out by a passive filter without reducing the system dynamic response.
The larger the harmonic attenuation by the passive filter, the lower the cut-off frequency,

and hence the slower the dynamic response. Moreover, only limited improvement of the




system dynamic response can be achieved since there is a delay in the rectifier. Therefore,
by using the conventional magnet rectifier power supply, it is difficult to meet the ever

strict requirements of fast dynamic response and low harmonic content simultaneously.

Phase-controlied

. Filter Magnet load
rectifier
ac main DC link ioft)
— f——
+ .
m ] | +
$ R,
E— '
vl1) T | | vAY :
T LO

Figure 1.3: Configuration of the phase-controlled rectifier power supply.

1.2.3 Switching Power Supplies

Since the end of the 1970’s, switchmode power supplies operating at high switch-
ing frequencies have been increasingly used in magnet load applications [3-5]{10][14-16].
They offer substantial advantages such as very low harmonic contents and fast system
response in the accelerator environment. The general system configuration is shown in
Figure 1.4. In this configuration, the solid-state devices IGBT, MOSFETS. etc.) operate
as switches, either completely off or completely on. By avoiding operation in the active
region, significant reduction of the power losses is achieved. This results in a high overall

power supply efficiency of about 70% ~ 90% [9]. Moreover, a transistor operating in on/




off mode has a much larger power handing capability compared to linear power supplies.
Another advantage of using the switchmode power supply is that the power transformer
size can be very small due to the very high operating frequency. However, because of the
limited current switching capacities of self-commutated switches available today, switch-

mode magnet power supplies have been, so far, limited largely to low and medium power

ranges.
Rectifier ) Isolation  Qutput rectifier
. Switch power +
passive filter element  transformer  passive filter
oK
ac I + _K QWD {( V(1)
e —— . v or BRmm— — . ) .
Filter = -'M—:
_1 - _1
dc
unregulated
bus

feedback

and —]

controller

|

Vref

Figure 1.4: Block diagram of the switchmode dc power supply.




1.2.4 Hybrid Structures

As shown in the previous sections, the phase-controlled rectifier is still a preferred
choice in high power applications. However, the main difficulty to use the phase-con-
trolled rectifier as a magnet power supply is the large harmonics at the output. A possible
solution to cancel these harmonics is tc use a second-order passive filter. There are, how-

ever, several limitations in this approach:

1) Filtering is incomplete because the cut-off frequency of the passive filter can not

be designed to zezo. Consequently, the filtering requirements may not be satisfied.
2) Passive filters tend to be bulky and expensive when high attenuation is required.

3) The system dynamic response is significantly reduced if low order harmonics

need to be filtered.
4) The filtering result is sensitive to the change of the system parameters.

In order to reduce the large voltage harmonics at the rectifier output without reduc-
ing the system dynamic response, a hybrid structure has been proposed in magnet power
supply systems in recent years. It is based on the combination of the phase-controlled rec-
tifier and the high-frequency switch-mode power converter which acts as an active filter.
The basic idea of this hybrid structure is that high power can be provided by the phase-
controlled rectifier and the high-frequency converter (active filter) is only used for har-

monic cancellation.

In active filter, harmonics are reduced or cancelled based on the principle of har-
monic injection [1][8][17]{18]. In contrast to passive filters, active filters have several

obvious advantages:

1) Filtering is, in theory, complete. The active filter acts as a harmonic isolator not




as a harmonic attenuator.

2) Active filters are cheaper and smaller than passive filters when very high attenu-

ation is required [19][20){21].

3) When active filters are applied, they do not slow down the system dynamic

response, since they operate at a high frequency.

4) Active filters are not sensitive to system parameters change, since feedback con-

trol loop can be applied to control the active filter.

The principle of the harmonic cancellation using active power filter is similar to
that used in AC or DC active power filters [17-26]. Active filters can be connected either
in series or in parallel with a load. Also, the active compensator topology can be either of

a voltage type or of a current type.

1.2.4.1 Series Topologies

In this structure, the active power filter (injection source) is connected between the
rectifier and the magnet load in order to remove the harmonic voltage at the magnet load.

Either voltage-type converters or current-type converters can be used.

Figure 1.5 (a) shows the equivalent circuit using a voltage type converter which is
controlled to inject a harmonic voltage equal but opposite to that generated by the rectifier;
wat is, to make vi{t)= -v,,(1), where v1) is the injection voltage at the output of the volt-
age-type CONVETIET, V,,(1) is the harmonic voltage produced by the main source, and V,; is
the fundamental voltage of the rectifier. In this way, the load voltage becomes ripple-free

as expected, that is, v,(1) = V,4.

Figure 1.5 (b) shows the equivalent circuit using a current-type converter as an

injection source. In this configuration, the output voltage of the current-type converter,
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v{t), is controlled to produce an equal-but-opposite value with the rectifier harmonic volt-
age, v,,(1), by controlling the converter current if(r). Thus, the harmonic voltage in the

magnet load can be cancelled.

Active filter- voltage type converter

Rectifier PR s Magnet load
, ) W
' . E..".e' + U
Vid | : + vi{t) E R,
; ; V(1) V(1) §
THA A P il
(a)

Active filter- current type converter

irn(1)+174 Ly § irn(1) ioft)
— ] 7, =
R B Smoothing ! ; + e
A reactor ' ; Y
CHOI N %R ’
L] v P v |
o
v,,,(t)g n) ift) = ipp(1) +lpg P L,
PNV - . 19
Rectifier Magnet load

(b

Figure 1.5: Equivalent circuits of series topologies.
(a) using voltage-type converters as active filters;

(b) using current-type converters as active filters.
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The major difference between active power filters and passive filters is that active
filters act as harmonic eliminators and not as harmonic attenuators. At fundamental fre-
quency, active filters behavior as a short circuit. In series topologies, voltage-type convert-
ers are commonly used because they are lighter, less expensive and easier to control than

current-type converters [14-18].

Due to the switching capacities of devices, the power rating of active filters is a
major concern for researchers. Recently, some techniques, such as transformer-decoupled
active filters have been evaluated {14}[27]. The system configuration is shown in Figure
1.6 [27]. Transformer-decoupled power supplies have certain advantages such as a higher
system efficiency, and a low power rating of the active filter compared with linear power
supplies [27]. In addition, this type of power supplies give very good performance at the

steady state operation. However, it does not improve the system dynamic response.
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Figure 1.6: Transformer-decoupled magnet power supplies using a series topology.
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1.2.4.2 Shunt Topologies

In this structure, the converter is connected in parallel with the magnet load to pro-
vide a bypass for the harmonic currents, thereby reducing or cancelling harmonic current
at the load. The converter can be implemented either by the current-type converter or volt-

age-type converter.

Figure 1.7(a) shows the equivalent circuit using a voltage-type converter as an
active filter. In this configuration, the injection current, i; (1), passing through the voltage-
type converter is controlled to have an equal-but-opposite value as the rectifier harmonic
current, i, (1), thereby cancelling the harmonic current in the magnet load. By using the

current control technique, the injected voltage-type converter acts as a current source.

Figure 1.7 (b) shows the equivalent circuit using a curment-type converter as an
active filter. In this configuration, the current of the current-source converter, i J( t), is con-
trolled to produce an equal-but-opposite current as the rectifier harmonic current, ipn(t).

Thus, it cancels the harmonic current in the load.

Again, in shunt topologies, active filters act as harmonics eliminators and not as
harmonic attenuators. They work as open circuits at the fundamental frequency, where the
converters are controlled as a current source. Therefore, they do not affect the fundamental

component when the unexpected harmonics are filtered.

In some applications, such as HVDC stations, active filters are used to reduce the
harmonics in the dc side [20])[21]. Voltage-source converters are recommended in these
applications. Because the voltage-type converters behave like a zero impedance when the
output voltage is zero. In particular, when the system uses a combination of passive and
active filters harmonic currents can pass through the passive filters without any difficulty.

Therefore, the performance of the existing passive filter is not affected [20][21].
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Figure 1.7: Equivalent circuit for shunt topologies.
(a) using voltage-type converters as active filters;

(b) using current-type converters as active filters.
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Recent works on shunt topologies use transformer-decoupled converters instead of
linear power supplies in order to improve the efficiency of the system and minimize the
power rating of the active filter [20][21]. The system configuration is shown in Figure 1.8.
In this configuration, the capacitor C; and the isolation transformer T guarantee that the
active filter compensates only for small ripples, therefore, the power rating of the active

filter is minimum. Again, this configuration does not improve the system dynamic

response.

Smoothing reactor Magnet load

Ls Active filter -1y

Cs o (converter) | i

Rectifier ' é
\ :Ro

T S

4Lt Isolation _.%(.—' ] lc| i |i

17 transformer )i

a VLT

| 3iL

x

Figure 1.8: Block diagram of a shunt active filter using transformer-decoupling.
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1.3 Proposed Approach

1.3.1 Proposed Power Circuit

As discussed in the previous sections, by using the hybrid structures shown in Fig-
ure 1.6 and Figure 1.8, high power raiing and low harmonic contents can be simulta-
neously achieved. However, it is still difficult to meet the stringent dynamic requirement
since the system dynamic response has not been improved compared to that of the conven-

tional rectifier power supply.

In order to solve this problem, alternate system structures are proposed in this the-
sis. The idea is that a small portion of the dc power is provided by switch-mode active
power filters during the ramp transient period in order to compensate for tracking errors.

Therefore, the system dynamic response can be improved.

Two configurations, the series topology shown in Figure 1.9 and the shunt topol-

ogy shown in Figure 1.10, are proposed.

1.3.2 Hybrid Structure with Feedforward Control

A major problem in the proposed hybrid structures shown in Figure 1.9 and Figure
1.10 is the power sharing between the slow phase-controlled rectifier and the fast compen-
sator. The compensators are directly coupled to the magnet load. During the transient
period, the PWM compensator tends to take over the main power required by the load
from the phase-controlled rectifier. To overcome this problem, a feedforward or predictive

control scheme is proposed to control the rectifier. It forces the phase-controlled rectifier
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to provide the desired output power during the whole operation period. In other words, this
feedforward technique guarantees that the main power is provided by the phase-controlled

rectifier in the whole operation cycle. Details will be discussed in the following chapters.

Active compensator
(PWM converter)

[c]
4

Passive filter Magnet load

-------------------
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Jx[ | 13
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Figure 1.9: A proposed magnet power supply using series topologies.
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Figure 1.10: A proposed magnet power supply using shunt topologies.
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1.4 Thesis Objectives and Contributions

The main objective of this thesis is to improve the harmonic and dynamic perfor-
mance of phase-controlled rectifiers used as magnet power supplies. Contributions of this

work includ::

(a) Demonstrating the feasibility of using low-power, high-frequency series or
shunt connected power converters as active compensators for high-performance magnet

power supplies.

(b) Developing the appropriate control loops for the PWM converters used as com-

pensators.

(c) Applying a feedforward control scheme to the phase-controlled rectifier to

solve the power sharing problem in the hybrid structure.

1.5 Thesis Outline

The contents of this thesis are as follows:

In Chapter 2, the power circuit configuration and the characteristics of the conven-
tional phase-controlled rectifier power supply are discussed. The concept of the feedfor-
ward control technique is explained. Experimental results are provided to verify the

concept.

In Chapter 3, the hybrid magnet power supply with series topology is proposed.
The principle of harmonic cancellation is explained. Control schemes for the phase-con-

trolled rectifier and PWM converter (active compensator) are presented.
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In Chapter 4, the design and implementation of the proposed magnet power supply
using series topology are presented. Design procedures are given in details through a
design example. The power ratings of the phase-controlled rectifier and PWM converter

(active compensator) are calculated, and experimental results are presented.

In Chapter 5, the hybrid magnet power supply with shunt topolugy is proposed.
The power circuit configuration and the control schemes are presented. The principle of

harmonic cancellation is explained.

In Chapter 6, the design and implementation of the proposed magnet power supply
using shunt topology are presented. Design procedures are explained in details through a
design example. The power ratings of the phase-controlled rectifier and PWM converter
(active compensator) are calculated. The relationship between the passive filter (smooth-

ing reactor) and the active compensator is discussed. Experimental results are presented.

In Chapter 7, conclusions are given along with contributions of this thesis and sug-

gestions for future work.
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Chapter 2

Phase-Controlled Rectifier Modelling and
Feedforward Control Technique

2.1 Introduction

The proposed magnet power supplies use the hybrid structure which consists of a
conventional phase-controlled rectifier power supply and a high-frequency switchmode
converter. For a proper design of the proposed magnet power supply system, the under-

standing and analysis of the phase-controlled rectifier are important.

In this chapter, the model of the phase-controlled rectifier is established by using
the heuristic model [28]. Fourier analysis is applied to investigate the system’s steady state
harmonic contents. The controller of the conventional rectifier is designed in the fre-
quency-domain by using MATLAB control tool box. The characteristics of the phase-con-
trolled rectifier, both in the steady state and dynamic state, are studied. The output passive
filter is designed to cancel the large amounts of the rectifier harmonic contents. Also, the
feedforward (predicative) control technique is introduced to the conventional rectifier
power supply. The results of the theoretical analysis are verified by computer simulation

and experimental set-up.
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2.2 Steady State Characteristics

The power circuit of the phase-controlled rectifier power supply, which is shown in

Figure 1.9, is redrawn in Figure 2.1.
In analyzing the circuit of Figure 2.1, the following assumptions are made:
1) Switching devices in the power circuit are ideal.

2) The reactances between the three-phase ac voltage source and the rectifier input

are considered to be zero.
3) The ac voltage source is symmetrical, unperturbed and sinusoidal.

4) The rectifier operates in a continuous current mode considering the fact that the

magnet load is highly inductive.

Passive filter

.......................

Crm

s
\RRR,

T|

cadue

) i :
:: ’JX’“\ . _»lo(t)
Magnet load
H 0 E + PRERY N
: : ST+
ac main : RS | P S
Rectifier : ! § : R°§ §
a o ; b
S TR | i
b z§ Vr(’)§ C = vef(1) V(1)

Figure 2.1: Power circuit of the phase-controlled rectifier of Figure 1.9.
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Under the above assumptions, the rectifier power supply system operates in ideal
operating conditions and the firing angle a determines the voltage values of the dc compo-
nent and amplitude of the harmonic contents at the rectifier output. Figure 2.2 (a) shows
the voltage waveform v, (1) in the rectifier output at firing angle a = 60°. Figure 2.2(b)

shows the harmonic spectrum of v,(1). The line-to-line rectifier input voltage is chosen as

the base in this simulation.
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(b)

Figure 2.2: Rectifier output voltage at firing angle o=60°.

(a) Waveform; (b) Harmonic spectrum.
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In steady state operation, the output voltage of the controlled rectifier, v(r), can be

expressed by a Fourier series:

V(1) =V, + 2 V,, X sin (no t+6 ) 2.1)
=1

where V,; is the dc component of the rectifier output voltage, V,, is the amplitude of the
n'® order harmonic, w; is the ac main source frequency, and 6, is the angle of the n'* order

harmonic voltage.

There are six identical pulses in every cycle and each pulse lasts one-sixth of the
cycle. Therefore, all of the harmonics in the waveform of v,(1} are of the order n = 6m

(m=1,2,3,4,...). The dc component is given by:
V,y = Lf X VX cosa (2.2)

where V; is the line-to-line rms voltage of the rectifier input, and « is the rectifier fir-

ing angle.

The amplitudes of harmonics are given by:

6V,
V.= J(l-cosZow

nn-l

l) =~ —- 1= cos2a (2.3)

Equation (2.3) shows that the highest amplitude and the lowest frequency har-

monic is the sixth order harmonic and it appears at =90°; that is:

14
U
Vf, 6peak = —Eﬁ = 0.45V” (2'4)
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A second order L-C filter is usually used at the rectifier output for harmonic atten-
uation. Since the magnet load is highly inductive, it provides little damping to the L-C fil-

ter. In order to provide damping in the filter, an R-C branch is connected in parallel with

the filter capacitor, as shown in Figure 2.1.

In Figure 2.1, if C;>> C, the attenuation of the filter to the voltage harmonic at the

rectifier output is given by:

|H Gnoy)| = ! (2.5)
no\2  no

[4 c

where the resonant frequency is:

1
W = — (2.6)
c ./Z,_C-
and the damping ratio is:
= L 2.7

It is common to choose a cut-off frequency of the passive filter . below the fre-
quency of the dominant harmonic component in the voltage v,(t). In this case, the domi-
nant harmonic frequency is 6 . Therefore, the cut-off frequency of the passive filter can

be chosen such that @ < 6. The approximation of (2.5) yields:

o \2
IH Gnw)| = (7:‘&:;) (2.8)
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The voltage waveform at the output of the passive filter can be expressed as:

Ver(t) = Vpg+ 621,2 Vi X Sin (0 1+0,) (2.9)
n=0o,l1.,,...

where the dc component of the output of passive filter is given by:

Via =V (2.10)
and the harmonic amplitudes are:
6V, (0, \
: S c
Vrfn = Vran (ans)l = 7‘ (-n_(l)s) J1 - cos2a (211)

Figure 2.3 shows the voltage waveform and the harmonic spectrum of the output
of the passive filter. Comparison of Figure 2.2(b) and Figure 2.3(b) shows that the ampli-

tude of harmonics at the passive filter output is much lower than it is at the rectifier output.

2.3 Dynamic Characteristics

The firing angle of the phase-controlled rectifier is discrete and the steady state and
dynamic behavior of the controlled rectifier are highly nonlinear. Detailed analysis of
dynamic processes in the line commutated rectifier is rather complex. Fortunately, the con-
verter is usually followed by an inductive load having low-pass transfer characteristics.
Therefore, the converter dynamic may be approximated by simple models [28]. This con-

dition is well met in the magnet load.

In practice, a ‘heuristic model’ has often been used which is based on the observa-

tion that the firing of thyristors is sequential and the delay angle o may not be immediately
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used until a certain period of time [28]. In three-phase-controlled rectifiers, the firing sig-
nal interval of each thyristor is 60°. This means that the waiting interval is between 0 and

T, /6. The average delay time is then Ty = T /12. For a 60 Hz power supply, Ty = 1.38ms.

1.5 -t :
- 1.0 - ..
= :
g > i
0.0 V1)
) Y. T e T I LE P '
Time
(a)
) 0 PP
0.8
‘§ 0.6
gg 04 Vi
0.2
0o | i
6f; 12f
Frequency
(b)

Figure 2.3: Passive filter output voltage at firing angle a=60° & = 0.7 and f,, = 160 Hz.

(a) Voltage waveform; (b) Harmonic spectrum.

By including an arc-cos function block at the o control input, the relationship
between the rectifier dc output and the control variable can be linearized. The transfer

function of the rectifier can, therefore, be expressed as:

G/s) =K, e*Td (2.12)
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where K, is the gain of the rectifier, defined as K, = 1.35 V; and T is the average dead
time delay, as defined Ty =7 /12.

By using (2.12), and assuming that T, = 1/60 = 16.67 ms, the frequency

response of the phase-controlled rectifier is drawn in Figure 2.4.
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Figure 2.4: Bode plot of the rectifier voltage transfer function.

Figure 2.4 shows that the phase angle of the rectifier decreases linearly as the
frequency increases. This makes the design of the conventional feedback rectifier con-

trol very difficult, when a larger bandwidth is required. This is because the maximum

system cut-off frequency must be less than 360-Hz.
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2.3.1 Feedforward Control Technique

As mentioned in Chapter 1, the main problem with the proposed hybrid magnet
power supply is the power sharing between the slow rectifier and the fast active compensa-
tor. Conventional feedback control is difficult to improve the rectifier system dynamic
response because of the rectifier dead-time delay. To overcome this problem, a feedfor-

ward control technique is introduced to control the rectifier.
2.3.2 Feedforward Control Principles

The feedforward control proposed is of the pre-regulation (predicative) control
type. Itis based on the known load parameters. It pre-calculates the rectifier output voltage
needed, then adjusts the rectifier firing angle o accordingly. With this control technique,
the system has faster dynamic response than with conventional feedback control because
the firing angle o is pre-calculated. Moreover, the feedforward loop is independent of the
control loop of the PWM converter. This guarantees that the necessary load voltage is

always provided by the rectifier during the whole operation period.

In this thesis, the feedforward controller is designed based on the load parameters
and current reference. The feedforward control technique works well both in steady state
and transient operations. However, this technique is sensitive to system paramelers

changes.

By knowing the load resistance R, load inductance L,, the filter inductance L, and

the current profile, the corresponding voltage profile vy scan be calculated as follows.
di
vref = Roircf"' (La +L) E’d (2.13)
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If only the flat-bottom, the ramp-up, and the flat-top operation period are con-

cerned, the current and voltage profiles are illustrated in Figure 2.5.

Flat Bottom Ramp Flat Top
— -

Figure 2.5: The load current and voltage profiles.

Therefore, the feedforward controller can be designed such as:
GAs)=R,+s(L,+L) (2.14)

By applying this feedforward control technique to the rectifier, the system only

relates to the rectifier dead-time.

2.3.3 Implementation and Experimental Results

To illustrate the effectiveness of the feedforward control, the behavior of the recti-

fier power supply system is studied through an experimental setup. The schematic circuit
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of the phase-controlled rectifier power supply with the proposed feedforward control is

shown in Figure 2.6.
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Figure 2.6: Phase-controlled rectifier power supplies using proposed feedforward

control technique.
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The system parameters are chosen to be as follows:
- ac source: 3-phase, 60 Hz, 207.8V,
- Magnet load: P, ,qeq= 200w, V, ,400=25V, and 1, = 25.6ms;
- Load current: 2A to 10A; ramp period = 0.1s;
- Second order filter: 0, = 160 Hz, § =0.7;
- Tumn ratio of the rectifier input transformer: ar; = 8.3.

Results of this experimental setup are shown in Figure 2.7. Figure 2.7 (a) shows
that, with the rectifier using the feedforward control alone, the output voltage is capable of
following the voltage reference very closely. This forces the current to track the reference,
as shown in Figure 2.7 (b). Since the feedforward control is a type of open-loop control,
there exists a steady state error during the flat bottom and flat top. Moreover, without the
compensation from the active compensator, the load current contains a large amount of
360-Hz ripple, as can be seen in Figure 2.7(c) and Figure 2.7(d). The errors and the har-

monics will be compensated by the active compensators discussed in Chapters 3 through

6.

2.4 Summary

There is a dead-time delay existing in the rectifier gating signal. Due to the delay
of the gating signal, the speed of using the conventional current feedback control (i.e. PI
controller) is limited. The feedforward technique or the predictive control technique,
which is based on the actual system parameters, is introduced to the rectifier control sys-
tem. It guarantees that the rectifier provides the desired output power during the whole

operation period. Experimental results verify the basic concept presented in this chapter.
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Figure 2.7: Experimental results of Figure 2.6. a) Load voltage and voltage reference;

b) Load current and current reference; c) Expanded load current at i, = 2A;

d) Harmonic spectrum of the waveform of (c).
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Chapter 3

Series Topology - Principle

3.1 Introduction

The proposed series topology uses a aybrid structure. It consists of a phase-con-
trolled rectifier and a switch-'mode PWM converter. In this structure, the large power han-
dling capability of the controlled rectifier and the fast response characteristic of the PWM
converter are fully utilized in a complementary way. The intention of this chapter is to pro-

vide a detailed overall picture and understanding of the proposed system.

In this chapter, the principle of harmonic carcellation and basic operation of the
magnet power supply systems are explained. The mode of the PWM converter is estab-
lished and the gating method is discussed. The power circuit configuration, including the
phase-controlled rectifier and the switch-mode PWM converter, is presented. The idea of
designing the control scheme both for the phase-controlled rectifier and the PWM con-
verter is given. The feedforward control is designed to control the rectifier in order to
solve the power sharing problem between the slow rectifier and the fast PWM converter. A
combined voltage and current feedback loop is used to control the PWM converter for har-

monic cancellation and error compensation.
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3.2 Principle of Harmonic Cancellation

To explain the basic concept of harmonic cancellations, an equivalent circuit of the
series topology, shown in Figure 3.1(a), is drawn in Figure 3.1 (b). For simplification, the

rectifier output passive filter is not considered.
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Figure 3.1: Series topology. (a) Power circuit; (b) Equivalent circuit.
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The rectifier output voltage, v,(1j, includes a dc component, V,4, and harmonic
components, vy,(1). To compensate for the harmonics v,,(1), a voltage v{ft), is generated

from the active compensator. Based on KVL,, the output voltage v,(1) is:

V(D) =V, 4y (1) +v,(1) (3.1)

Equation (3.1) reveals that the rectifier harmonics can be completely cancelled if
an equal but opposite harmonic voltage is generated by the active compensator, i.c., if vt
= -V,(1), then v,(1) = V4. In the proposed magnet power supply system, a voltage-type
PWM converter is used as an active compensator. The voltage-type PWM converter acts
as a power amplifier, the harmonic cancellation can be achieved by supplying the harmon-
ics as the reference signal to the converter. This is the principle concept of harmonic can-

cellation using a series topology.

3.3 System Configuration

The magnet power supply system with the series topology is shown in Figure
3.2. In this configuration, a phase-controlled rectifier is connected in series with a
volitage-type PWM converter. Tr. order to compensate for any errors during transient
operation or in abnormal operating conditions which result in low uncharacteristic
harmonics in the rectifier output, the FWM converter is directly coupled to the magnet
load. The PWM converter then works not only as an active filter for the harmonic can-

cellation, but also as a compensator for the errors coiapensation.
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Figure 3.2: Power circuit configuration of the proposed magnet power supply system

using series topology.

3.3.1 Rectifier Power Circuit

The rectifier power supply consists of a six-pulse phase-controlled rectifier and a

second order passive filter.

The reason for using a second-order passive filter at the rectifier output is to reduce
the power rating of the PWM converter. Passive filter is utilized as the first step in reduc-
ing output harmonics. After the passive filter, the harmonics level will be small and can be

further reduced by the compensator with a small power rating.
Figure 3.1(b) shows that, in order to compensate for harmonics v,,(t) produced by
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the rectifier, the output voltage of the PWM converter, v (1), should be able to generate the
same amplitude as v,,(1). The largest harmonic produced by the rectifier is the 6" order
harmonic and it occurs at @=90°. The amplitude is V, 6,05 = 0.45Vy, which is given by
(2.4). Since the PWM converter needs to compensate for all of the rectifier harmonics and
any errors during steady state and transient operations, the voltage rating of the PWM con-
verter must be larger than V,.¢,.,4. In other words, without a passive filter at the rectifier
output, the voltage rating of the PWM converter will be comparable to the phase-con-

trolled rectifier.
3.3.2 PWM Converter

The PWM power converter is directly coupled in series with the magnet load. The
current direction does not change since the load current is always positive (seen from Fig-
ure 1.1). Therefore, a single phase two-quadrant chopper is chosen as an active compensa-
tor. The power circuit configuration of the active compensator is shown in Figure 3.2. This
two-quadrant chopper is controlled by using a PWM technique and by operating in high

frequency ranges.

There are two force-commutation switches, Q; and Q5, in the two-quadrant chop-
per and they can be controlled independently of each other. Therefore, various gating sig-
nal patterns can be used. Different combinations of the two gating signals generate

different voltage waveforms at the output of the two-quadrant chopper.

The gating method used in the proposed system for generating the gating signal is
the triangular-carrier-wave moduiation. This technique compares the two opposite refer-
v e signals with the triangular carrier waves in order to determine the state of the gating

signal. The proposed gating method is illustrated with the waveforms shown in Figure 3.3.
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This type of PWM scheme is called the pulse-width modulation with unipolar voltage

switching.

For a modulation waveform v,,(1) of a given frequency f,, the same frequency
amplitude of the output voltage of the chopper, v/(?), can be expressed as:
Va

vi(n) = V—c v, (1)

(3.2)

where V4, is the dc bus voltage of the two-quadrant chopper, V, is the amplitude of the

carrier waveform.

It should be noted that the PWM chopper will proportionally amplify a combina-
tion of modulation signals of different frequencies (superposition applies), theoretically up
to 1/2 of the switching frequency. In practice, to produce a quality compensation voltage,
its frequency should not be exceed 1/3 of the switching frequency. This can be proved
from the simulation waveforms shown in Figure 3.3. The simulation is done under the fol-

lowing system parameters:
- Viase=Vea=1p-u,
-Vg=1pu;
- V(1) = 0.4 s5in(6005t) + 0.4 sin(12w40) (p.u.);
- [s0 = SkHz.

In Figure 3.3 (a), two opposite modulation waveforms ccntain 6" and 12! har-
monic components which have 0.4 p.u. amplitude. The load is considered to have a high
inductance. Figure 3.3 (b) and Figure 3.3 (c) show the gating signals for the switches Q)
and Q5 using the PWM unipolar method. Figure 3.3 (¢) shows that the output voltage of

the two-quadrant chopper contains the same order components as the medulation wave-
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forms, i.c., 6% and 12, p).s some higher order harmonics around 2fs,, and so on. Figure
3.3 (c) also shows that PWM chopper proportionally amplifies all of the modulation sig-
nals, i.e., V;¢ = 0.4 pu., and V; 15 = 04 p.u,, as the gain of the two-quadrant chopper
cquals 1.

ER Rl N LI E
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0.57 - Bfc Qo -
_ 04 s %
§ 03, 2,
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Figure 3.3: (a) Carrier waveform with two opposite modulation waveforms;

(b) Gating signal for switch Q;. (c) Gating signal for switch Q»;

(d) Output voltage waveform vj(t); (e)Harmonic spectrum of v,(t).
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3.4 Control Scheme

In this section, the control scheme of the proposed magnet power supply system is

designed to achieve the following features:
1) Excellent load current regulation;

2) Desired the power sharing in the hybrid structure: the main power is provided
by the phase-controlled rectifier, and the PWM converter only provides & small amount of

energy for compensating the harmonics and tracking errors.

The proposed control scheme is shown in Figure 3.4. There are two control sec-

tions: one for the rectifier and the other for the PWM converter.

Feedforward
. To Rectifi
iref Vref ; y o Rectifier
G,,(s) re €S ey
—
To PWM Converter

+ - Verr( t) + -
HE—E
i +

Feedback = )
:-)(i)—-) Gpi(s) "

_—
L_ ioft)

Figure 3.4: Proposed control scheme.
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3.4.1 Rectifier Control

For magnet power supplies, a typical current cycle of operation includes not only
the steady state operation, but also a ramp period as shown in Figure 2.5 (a). When the
current is ramping up, the voltage changes rapidly shown in Figure 2.5 (b). During the
ramp transient period, the PWM converter will tend to supply all the additional power
required since it responds much faster than the rectifier. This problem can be solved if the
rectifier is controlled, not through feedback, but in an open-loop fashion, to generate the
desired output voltage profile beforehand. This is implemented in Figure 3.4 through the
reference feedforward loop and the Gfs) is chosen by using (2.14). Using an arc cosine
function block, the rectifier loop is linearized and the output varies linearly with the input.
The input comes from the feedforward branch which provides the desired voltage profile

as is shown in Figure 2.5 (b).

A proportional controller K,, (shown in Figure 3.4) can be designed such that the

rectifier output voltage equals the voltage reference required by the load:

o (3.3)
K, ==
(4 Kr
then,
=T, -1
v() =K e T-cos T (cos(K,,v,0)
-sT
i g 34
- vref' € ( )

In the low frequency range, v (1) = v, ef °
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This means that the rectifier output can follow the rapid transient of the reference
without the adverse effects of a long settling time or oscillation existing in a feedback con-
trol system. Furthermore, the rectifier feedforward control loop is independent of the
PWM control loop since the voltage reference is pre-determined and depends only on the
load parameters and the current reference. This automatically ensures that the larger share
of the output voltage is always provided by the rectifier. Moreover, this control loop is

simple to design compared to that of the feedback control loop.

3.4.2 PWM Converter Control

The prime purpose of the PWM converter is to cancel rectifier harmonics and com-
pensating for errors during steady state and transient operations. In order to achieve this
goal, the control signal of the converter consists of two parts: one from the reference feed-
forward branch, which is a voltage loop, and another from the load current feedback as is
shown in Figure 3.4. The voltage loop is mainly designed to cancel rectifier harmonics.
The current feedback loop is designed to correct any offset between the actual current and

the current reference.

This thesis uses a linear mode for the PWM two-quadrant chopper. According to

(3.2), the transfer function of the two-quadrant chopper can be expressed as follows:

Va

Geo(5) = (3.5)

capeak

However, the relation given by (3.5) is applicable only for low frequency input
(modulation) signals. As the frequency of the modulation signal, which is the control sig-

nal, increases and gets closer to the chopping frequency (g, the switching action makes
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the chopper behavior more resemble that of a discrete system.

In this thesis, the PWM converter (active compensator) is designed mainly to com-
pensate for low-frequency harmonics and is operated with a high switching frequency,
Wg, High order harmonics are easily filtered through the passive filter and magnet load.
The modulation frequency, @y, is much lower than the switching frequency, @, There-

fore, the linear model of the two-quadrant chopper, given by (3.5), is feasible.

3.4.2.1 Voltage Loop

The block diagram of the voltage loop is redrawn in Figure 3.5. The main function
of this loop is to cancel the rectifier harmonics. Therefore, the reference of this controller

should contain all of the ccacerning harmonics.

In order to make the load current follow the current profile, as shown in Figure
2.5 (a), the rectifier output dc voltage component V,4 is required to follow the voltage
reference vy, i.e., Vyg = vyp. By ignoring the losses in the passive filter, Vfd = Vrer- The

error between the voltage reference Vref and the filter output voltage viy(t) is given by:

Verr (1) = Vref™ vrf(’)

= Vo~V Y VyXsin(nog+0 )
n=6,12,..
== Y Vyxsin(rog+8) (3.6)
n=6,12,...

The computer simulation waveforms, which verify the above concept, are shown

in Figure 3.6. The current reference in this simulation operates at 2A.
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Figure 3.5: Block diagram of the voltage control to PWM converter.
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Figure 3.6: (a) and (b) Filter output voltage waveform and harmonic spectrum;

(c) and (d) Error signal waveform and harmonic spectrum.
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It should be noted that any errors generated during steady state and transient oper-
ations are also compensated by the PWM converter since v,,{) contains all of the errors
between the desired and the actual rectifier output voltage. Using v,,{1) as a part of the
control signal to the PWM converter, the output voltage, v](t), can be controlled such that
it has an equal but opposite value as v,,{1). Therefore, the harmonics appearing at the rec-

tifier output are cancelled and the expected voltage waveform appears in the load.

This control scheme is a feedforward control technique. By measuring the input
voltage (rectifier output voltage) variation, the switching gatings of the PWM converter
are selected by control signals such that input harmonics and disturbances are cancelled or

reduced through the modulation process of the switching modulator.

3.4.2.2 Current Feedback Loop

The feedforward control technique can significantly reduce harmonics and distur-
bance at the output. It is, nevertheless, still a type of open-loop control since it does not
monitor the output quantity. In order to provide more accurate load current regulation, a
combined feedforward/feedback control strategy is presented and the schematic form is
shown in Figure 3.4. The feedback control schematic form of Figure 3.4 is redrawn in Fig-

ure 3.7.

According to Figure 3.7, the loop transfer function of this current feedback loop is

given by:

G.(s) = Gp‘-(s) XG,,(s) G, (s) (3.7)

where G, (5) is a Pl controller, and G, (s) is the model of the PWM converter.
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Figure 3.7: Block diagram of the PWM converter current feedback loop.

3.5 Summary

The feedforward control technique is applied to the phase-controlled rectifier and
solved the power sharing problem in the hybrid structure. In the steady state operation, the
two-quadrant active compensator works as an active filter for harmonic cancellation. In
transient operation, it compensates for the tracking error. By using the series topology with
the proposed control scheme, the larger power is handled by the phase-controlled rectifier,
the PWM converter provides only a small portion of output power for harmonic cancella-
tion and error compensation. Excellent current regulation can also be achieved. This will

be verified in the next chapter through experimental results.
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Chapter 4

Series Topology - Design and Implementation

4.1 Introduction

The purpose of this chapter is to design and implement the proposed magnet power
supply system with a series hybrid topology using the concept discussed in the previous

chapter.

In this chapter, design procedures are given and explained in details through a
design example. Based on the requirements and specifications given for the system, the
power circuits and the control loops, including the phase-controlled rectifier and the PWM
converter, are designed by following the design procedures. The power ratings of the recti-
fier and PWM converter are also calculated. The design example is also implemented on a

laboratory prototype and experimental results are presented.
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4.2 Design Procedures

For the magnet power supply system with the series active compensator, once

requirements and specifications are given, the following parameters can be determined:

1) In the power circuit: parameters of the rectifier, the active compensator, and

the passive filter, power ratings of the rectifier and the active filter.

2) In the control circuit: parameters of the rectifier and the active compensator

control loops.
The system design procedures consist of the following steps:
1. Determine the voltage rating of the phase-controlled rectifier.
2. Determine the parameters of the rectifier output passive filter.
3. Determine the voltage ratings of the active compensator.
4. Determine the current and power ratings of the rectifier and the compensator.
5. Design the rectifier feedforward control loop.
6. Design the PWM converter’s voltage loop.
7. Design the PWM converter’s current feedback loop.

A design example is given and design procedures will be explained in detail in the

next section through the design example.
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4.3 Design Example

The design example of this section illustrates how to follow the design procedures
outlined in Section 4.2 and how to apply the information obtained in Chapters 2 and 3. The

system schematic circuit, including the power and control circuits, is shown in Figure 4.1.

Due to the limitations of the laboratory equipment and devices, such as low preci-
sion and low current rating, some of the parameters in the experimental setup are not typi-
cal for magnet power supplies. The stringent requirements of bending magnet power
supply may not be achieved in the experimental setup. However, the experimental system

provides sufficient results for the verification of the basic concept presented in this thesis.
Parameters of the magnet power supply system are listed below:

- - Configuration: a 6-pulse phase-controlled rectifier connected in series with a

two-quadrant chopper;
- Input source: 3-phase, 60 Hz, 207.8 V;
- Magnetload: Py ,q1eq =200 W, V, 110q =25 V and 1, = 25.6 ms;
- Load current: 2 A to 10 A; ramp period = 0.1 s;
- Switching frequency (chopper): SkHz.

The calculation is done in the per unit system. The steady state load current at the
flat-top period and the corresponding steady state load voltage are chosen as the base val-
ues, thatis, Vjg0, =25 V and lpgq, = I gy = 10 A. The base value for the power is Sy, =

Viase Ipase = 250 VA.

48




PWM Converter

T . . —
2 o
Ps _§3% + m

) J .

Q;

ac main source

-
; 1
)
R
1
el

v,(l)

Mt T + +
—J.EERI Ro
C v,,(l) V(1)
T;rj L,

o
ces

A

Figure 4.1: Proposed magnet power supply with hybrid structure using series topology.
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4.3.1 Power Circuit Design

The power circuit, including the rectifier and the active compensator, is designed
to satisfy the system’s power requirements. The following parameters can be determined

in details by the analysis of the design example in this section:
- Turns ratio of the rectifier input transformer: a4 = 8.3;
- Rectifier passive filter: L = 8mH, C = 125uF, Ry = 5.7C, C¢=900 uF;
- Turns ratio of the PWM converter input transformer: 8y = 35;

- Diode filter: Ly, = 8mH, Cy4, = 900uF.
4.3.1.1 Rectifier

According to the given system specifications, the load resistance and inductance

can first be calculated as:

4

o, rated
R, = porst = 250 (4.1)
and,
Lo = ‘to~Ro = 0.064 (mH) (4.2)

Based on the known parameters of the load resistance R,, inductance L, and the
required load current profile, the maximum voltage required by the load occurs at the top

of the current ramp is:
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, dio
Vo,max = R0X10+L0X _dT

= 2.5x 10+0.064xl%——1-2

= 30.12(V) = 1.2p.u. (4.3)

If the effect of the rectifier output filter is neglected, V,, .5, Will be the voltage

required at the rectifier output, i. e.,

Vra = Vo, max = 12P0 (4.4)

In order to generate such a voltage, the minimum rectifier input line voltage can be

determined as:

Via
Vitmin = 735 = 0.89 pu. (4.5)

Considering the voltage drops due to switch commutations and possible source

fluctuations, a 10% margin for the line voltage is left; that is, V= 1 p.u.,, or 25 V.

The turns ratio of the rectifier input transformer can be chosen as:
e vl T (4.6)

The passive filter of the output of the rectifier is designed to have a cut-off fre-
quency of f. = 160Hz and the system damping ratio of E = 0.7. By choosing the capacitor

of the passive filter as C = 125 pF, the inductance of this second order filter can be calcu-
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lated by using (2.6). Hence, the inductance is given by:

1 ]
(2xnxf)2xC (2xmx160)2x125x106

= 8§ (mH) @.7)

The damping resistance Rf can be calculated by using (2.7):

1 L 1’8x10’3 _
Rf_MN/;_Gﬁ m—i?(n) (4.8)

The damping capacitor C¢should be sufficiently larger than C, in this design exam-

ple, Cyis chosen as:

Cr=72xC= 900 (uF) 4.9

4.3.1.2 PWM Converter

In steady state operation, the PWM converter will compensate for the dominant
360-Hz harmonic. The minimum dc bus voltage should be selected such that the 360-Hz

harmonic can be reproduced at the output.

The largest 360-Hz harmonic occurs when the delay angle o equals 90°. At this

angle, the harmonic amplitude is calculated by using (2.4):

(4.10)

Vv

r, 6peak = 045V

If the rectifier output filter is designed to have a cut-off frequency of 160-Hz and a
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system damping ratio of 0.7, at the filter output, the 360-Hz harmonic can be calculated by

(2.11):

2
c

Vrf,6peak = Vr, 6peak (nm )
s

= 045x0.2 = 0.09 p.u. 4.11)

To generate such a harmonic voltage at the PWM converter output, without creat-

ing any other undesired low-order harmonics, the minimum dc bus required is:

Vdc,min = Vrf,épeak = 0.09 p.u. (4.12)

This is the minimal dc bus voltage required to cancel only the 360-Hz harmonic.
Considering that there exists 720-Hz and other higher-order harmonics, and more impor-
tantly, taking into account the fact that the PWM converter should be designed 1o handle
small amounts of dc power during transient operation, a much larger dc bus voltage needs
to be selected. By considering the above fact and by running computer simulations, in this

design example, an additional 0.23p.u. voltage margin is used. The dc bus voltage is:

Ve = Vacmint0.23 = 032 pu. (4.13)

This dc voltage is fed by a diode rectifier through a second order L-C filter. The ac

line voltage at the diode bridge input is found to be:

v
d
Vildiode = ﬁ% = 024 p.u. (4.14)
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Therefore, the turns ratio of the diode input transformer can be chosen such that:

Y35 (4.15)

* Vidiode 1

If the dc input filter of the PWM converter is chosen to have a resonant frequency
of f, = 60-Hz and a capacitance of C,, = 900 yF, the inductance of this L-C filter can be
determined as L, = 8 mH.

4.3.2 Power Ratings

4.3.2.1 Rectifier Power Rating

Since the rectifier is connected in series with the load, it conducts the full load cur-

rent. Therefore, the dc current rating of the rectifier is given by:

! o max = 1P (4.16)

r.rated = ‘o0, max

The dc voltage rating of the rectifier can be calculated based on the 1p.u. ac line

voltage, that is:

1% = ].35V” = 1-35p.u- (4.17)

r,rated ~

Finally, the dc power rating of the rectifier can be calculated as:

s v 1, .00 = 1.35p.0. (4.18)

r.rated = Yy rated " r, rate
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4.3.2.2 PWM Converter Power Rating

In the hybrid system structure, the active compensator is directly connected in
series with the load. The dc current rating of the active compensator is the same as the load

current rating, as well as the current rating of the rectifier; that is:

lj. rated = Ia.max = lpu. (4.19)

Since the maximum voltage of the PWM chopper is the dc bus voltage, the voltage

rating can be selected such as:

Vi rated = Vgc = 0.32p.u. (4.20)

Therefore, the peak power rating of the active compensator, is given by:

S.

j,rated = Vj, rated’

1, ratea = 032D @.21)

This shows that the power rating of the PWM converter is only 23.7% of that of

the rectifier.

It is worthy to note that, since the PWM converter delivers only a small amount of
the real power, the ratings for the diode bridge and its input transformer are also small.
Therefore, the additional ratings due to the PWM converter are not significant when com-

pared to those of the rectifier system.
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4.3.3 Control Design

4.3.3.1 Rectifier Control

Feedforward control, a type of predictive control, is designed for the rectifier and it

is based on the load parameters. In this design example, by using (2.14), parameters of the

feedforward controller, a PD controller, can be determined as follows.

The gain of the PD controller is given by:

The time constant of the PD controller is:

T,p= (L,+L) = (0.064 +0.008) = 0.072(s)

The proportional controller K, can be chosen by using (3.3):

4.3.3.2 PWM Converter Control

4.22)

(4.23)

(4.24)

A combined feedforward/feedback control scheme is used to control the PWM

«onverter. The Bode plot of the loop transfer function for the current loop, given in (3.7),

is illustrated in Figure 4.2.

As mentioned in the previous chapter, the linear model of the PWM two-quadrant

chopper is applicable only in low frequency modulation signals region which is below 1/3
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of the switching frequency. To ensure that the PWM converter is modeled as a linear gain,
the cut-off frequency of the PWM control loop is designed around 1.67 kHz, which is one-
third of the switching frequency (5kHz).

To have a system phase margin of 60 degrees, and a gain-cross-over frequency of
1.67 kHz, the gain and time constant of the PI controller are found to be: K, =579, and
T, = 16.4 ms. Figure 4.2 shows the Bode plot of the system loop transfer function with the

designed Pl
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Figure 4.2: Bode plot of the PWM converter current feedback loop.
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4.4 Results

To verify the concept, the system designed in the previous section is imple-

mented on a laboratory prototype with the same system parameters.

Experimental results of the complete system, including both the rectifier and the

PWM converter, are shown in Figure 4.3.

Figure 4.3 (a) shows the effect of a small PWM converter voltage riding ona large
rectifier voltage. By including the PWM converter and the combined voltage/current feed-
back loop, the current ripples have been greatly reduced. This can be seen more clearly
from the steady state waveform shown in Figure 4.3(c). In addition, Figure 4.3(d) also
shows that, by using this hybrid structure, the 6'" order harmonic has been significantly

reduced.

4.5 Summary

In this chapter, a large-power high-performance magnet power supply using series
compensation topology has been proposed, designed, and implemented on a laboratory
prototype. Experimental waveforms prove that the rectifier voltage harmonics and devia-
tions are compensated by a high-frequency PWM converter. It also shows that, by using
the hybrid structure, the large power rating, low current ripple and the fast response can be
achieved simultaneously. Moreover, the proposed control scheme achieved that the main
power is provided by the rectifier and only a small portion of output power is provided by
the PWM converter for error compensation. Overall, excellent load current regulation is

given by the proposed magnet power supply with the series topology.
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Figure 4.3: Experimental results. (a) Load voltage and voltage reference;
(b) Load current and current reference; (c) Expanded load cur-

rent at 2A; (d) Harmonic spectrum of the load current at 2A.
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Chapter 5

Shunt Topology - Principle

5.1 Introduction

In the previous chapter, the operating principle of a magnet power supply system
based on the series topology was discussed. Experimental results proved that excellent
current regulation can be achieved by using the hybrid structure with the series topology.
However, one of the disadvantages is that the high-frequency switches have to conduct the
full load current (large current). In addition, in other types of applications such as HVDC
stations, series topology may be impractical because of its infeasibility due to the factors

such as cost, unreliability and difficult fault protection [20].

In this chapter, the shunt topology proposed in Section 1.3, Chapter 1, is discussed.
The principle of harmonics cancellation by means of a shunt topology is explained
through the equivalent circuit concept. The power circuit configuration, including the rec-
tifier and the PWM converter, is described. System components and their basic functions
are explained. A simple control scheme which achieves the desired power sharing for the
hybrid structure, both in steady state and transient periods, is also proposed. Harmonics

and current errors are compensated by the active compensator with high-frequency
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switchmode PWM converters. Furthermore, the power raiing of this active compensator is
only a fraction of the overall rating and high-frequency switches only conduct small ripple

currents.
5.2 Principle of Harmonic Cancellation

To explain the basic concept of harmonic cancellation of the proposed magnet
power supply system, the power circuit is presented in Figure 5.1 (a), and the equivalent

circuit is drawn in Figure 5.1 (b).

In Figure 5.1, V,4 and (1) are the equivalent dc and harmonic voltage compo-
nents at the rectifier output, L is the smoothing reactor, j; (¢) is the harmonic current

injected by the active compensator, and R, and L, represent the magnet load.

Based on the KCL at node 1, the load current iy(1) is given by:

io(1)=i(1) + ij{t) = dpp(th + 14+ ij(r) (5.1)

From the principle of superposition, the harmonic current due to the voltage har-

monic v,,(1) is expressed as:

o
(D) = BT 2Raf (L, 4L

(5.2)

If a current ij(?) is controlled such that it equals the harmonic current generated by
the rectifier, e.g. ift) = - ip,(1), then the harmonic current produced by the rectifier can the-
oretically be completely cancelled. Moreover, any errors due to aC unbalances and load

parameter variances can also be compensated by the compensator.
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Figure 5.1: Shunt topology. (a) Power circuit; (b} Equivalent circuit.
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5.3 System Configuration

In this section, the power circuit configuration with a hybrid structure is proposed
as is shown in Figure 5.2. It consists of a phase-controlled rectifier and a single phase
bridge PWM inverter. In this hybrid structure, the rectifier is designed to handle the bulk
of the output power, whereas the PWM bridge inverter is only used for harmonic cancella-
tion and current error compensation under transient operation. In the following sections,

the power circuit structures of the rectifier and the PWM converter are described.

ac main Active compensator (PWM converter)
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Figure 5.2: Proposed power circuit configuration.
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5.3.1 Rectifier Power Circuit

The rectifier power circuit consists of a six-pulse phase-controlled rectifier and a
smoothing reactor which acts as a first-order low pass filter. In this configuration, the

smoothing reactor plays an important role for the following rzasons:

1) Without this smoothing reactor, there is a conflict in the control of the load volt-
age, since the phase-controlled rectifier and the active compensator are both of the voltage

type devices.

2) The smoothing reactor absorbs or attenuates the harmonic current at the rectifier

output, thereby reducing the current rating of the active compensator.

In the series topology, the rectifier output filter is optional. In the shunt topology,

however, the smoothing inductor is essential for the system operation.

The size of the smoothing reactor will affect the power rating of the PWM com-
pensator. In steady ctate operation, only harmonic current passes through the PWM com-
pensator. The larger the smoothing reactor, the smaller the compensator, thus the more
bulky and expensive the passive filter. There is, therefore, a trade-off between the size of
the smoothing inductor and the rating of the compensator. The selection of the smoothing

inductor value is discussed in more details in Chapter 6.

5.3.2 PWM Converter Power Circuit

In the proposed magnet power supply system shown in Figure 5.2, the PWM con-
verter is directly connected in parallel with the magnet load. The output voltzge of the
converier equals the load voltage. The dc bus voltage of the PWM converter is supplied by

a 3-phase bridge diode rectifier throu:,h a second order low-pass filter. The diode rectifier
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is fed from the ac main through an isolation transformer.

The direction of the compensator output voltage may vary from positive to nega-
tive, if a complete repeat current cycle is considered, as is shown in Figure 1.1. This means
that during the energy recovery period, which corresponds to the current ramp-down
stage, the load voltage, as well as the output voltage of :he converter, may become nega-

tive. This can be shown in (5.3):

di, (1)
dt

V(1) = Ry ig (0 4L, (5.3)
Equation (5.3) shows that v(t) may become negative during the ramp-down period

becavse of the large load inductance and the large falling slope (diy(1)/dt).

In addition, since the PWM converter is designed to compensate for the harmonics
and current errors, the current passing through the active compensator is bidirectional.
Thus, a full bridge PWM current-controlled voltage source inverter is chosen as an active

compensator in the shunt compensation topology.

In this structure, the current of the PWM inverter is controlled by using a PWM
technique operating in a high switching frequency. The objective of the PWM inverter is
to eliminate low frequency current harmonics at the rectifier output. The gating signal
method used for the PWM inverter is triangular-carrier-wave modulation. And the PWM

scheme uses unipolar pulse-width modulation.

5.4 Control Scheme

Figure 5.3 shows the diagram of the control scheme for the proposed shunt struc-
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ture. There are two control schemes: one for the rectifier and the other for the PWM con-

verter.
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Figure 5.3: Block diagram of the proposed control scheme.
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5.4.1 Rectifier Control

A major feature of the hybrid structure is the power sharing between the phase-
controlled rectifier and the PWM converter during the ramp operation. This is due to the
special load current requirement from the application (shown in Figure 1.1). The PWM
converter tends to supply a fair portion of the current change during ramp operation, due
to the large difference in the response speeds of the rectifier and the PWM converter. This
problem can be solved by ensuring that the rectifier is forced to supply all of the load cur-
rent in the steady state, and to provide a fair portion of the load current change during
ramp operation. This can be done by using the control approach shown in Figure 5.4, with
multiple loops: (a) a feedforward loop (loop #1); (b) current feedback loop (loop #2); and

(c) an o correction loop (ioop #3).

Feedforward

lGr/s) loop #1

‘ v
Feedback ref Rectifier Load

iref |+ /= loop #2 t oy boft)
kg En e Eolefoig

io(t) oL correction loop #3

A

(1 if1) ip(1)
"y, . *Hp(s) ’

Injection from compensator

Figure 5.4: Small-signal block diagram of the rectifier control scheme.
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In Figure 5.4, G,{s) and G,,(s) are the rectifier feedforward and feedback control-
lers, G (s) is the modeling of the rectifier, H,(s) is the load transfer function inr luding a

smoothing inductor, and H,(s) is the injected distortion from the PWM inverter.

5.4.1.1 Feedforward/Feedback Control

The feedforward loop sets instantaneously a pre-calculated value of a satisfying
the load current requirement. According to the current profile and the load parameters, the

desired rectifier output voltage can be calculated as:

di, (1)

' 5.4)

"ref(‘) = Roximf(z) +(L,+Lj) x

Similar to series topology, shunt topology demonstrates only the system perfor-
mance from the flat bottom and the ramping slope to the flat top. The current profile is
shown in Figure 2.5 (a). Knowing the desired rectifier output voltage as shown in Equation
(5.4), the delay angle of the phase-controlled rectifier can be pre-calculated exactly such
that the output voltage follows the reference given in (5.4). This is implemented as the
feedforward controller G,s (s) shown in Figure 5.4 (loop #1). This loop enhances the

dynamic response and there is no delay as exists when 1'sing only a feedback loop.

The experimental waveforms presented in Figure 2.7, Chapter 2, show that with
the rectifier alone, which only uses feedforward control, the load current closely tracks the
current reference. However, there is a steady state error in the flat bottom and flat top,
because the feedforward control is an open loop control. This error becomes larger if sys-
tem characteristics such as input voltage or load parameters change. By using only feed-

forward control, the PWM converter needs to provide additional dc power in order to
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compensate for this steady state error during steady state operation. Therefore, the feed-
back loop (Figure 5.4, loop #2) needs to be included in the rectifier control loop and will
compensate for the small discrepancies introduced by load parameter deviations and input
voltage fluctuations. For this purpose, the main control loop for the rectifier is a combined

feedforward/feedback controller (Figure 5.4, loop #1 and loop #2).

5.4.1.2 o Correction Loop

A o correction loop is introduced (loop #3, Figure 5.4) to th= rectifier control sys-

tem for the following reasons:

- to ensure that the PWM inverter supplies only the ripple current required for

harmonic cancellation and no dc current under steady state operating conditions; and

- to ensure that the dc current of the PWM inverter is minimal, as required to

compensate for the current error during transient operation.

This is done by transferring part of transient current from the PWM converter to
the rectifier by correcting the rectifier firing angle. To avoid having the rectifier loop over-
produce additional power which is required during the ramp, the a correction loop (loop
#3, Figure 5.4) has to be designed slower than the combined feedforward/feedback loop

(loop #1 and loop #2, Figure 5.4).

5.4.2 PWM Converter Control

A current feedback loop is used to control the PWM converter. The objective of
this loop is to cancel harmonics and offsets between the load current and the current refer-

ence. A PI controller is used in this loop.
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Since PWM control loop is operated in high frequency ranges, the effect of the rec-
tifier loop can be ignored when this loop is designed. The PWM inverter is modeled by a
lincar block with a constant gain, K. A small-signal block diagram of the PWM converter

feedback loop is shown in Figure 5.5 and the loop transfer function is given by:

1
Gpl('s) = GP"(S) XKJ-X E;:_S—L—o (5.5)

The current regulator Gp(s), which uses a Pl controller, can, therefore, be designed

using the frequency domain approach and conventional design techniques.

Pl PWM inverter Load

A ’ 1 ;

iy

Figure 5.5: Small-signal block of the inverter current feedback loop.

5.5 Summary

In this chapter, a multi-converter system with appropriate control loops for large-
power high-performance magnet power supplies, featuring fast transient response and low

harmonic currents, has been presented. It uses a combined feedforward/feedback loop to
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control the rectifier and to generate the desired output profile. Moreover, an a correction
loop is designed to minimize the dc current of the inverter during transient operation by
adjustment of the rectifier delay angle. The PWM converter operates only as a compensa-
tor for harmonic cancellations and error compensations, and is controlled by using a cur-
rent feedback loop. The power rating is, therefore, only a fraction of that of the rectifier.

This will be verified in the next chapter through theoretical calculations and experimental

results.
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Chapter 6

Shunt Topology - Design and Implementation

6.1 Introduction

Studies in the previous chapter provide basic information fc. <iesigning magnet
power supply systems using shunt topologies. The purposc of this chapter is to apply this

information to design the proposed magnet power supply system.

To illustrate the design procedures, a design example is given and is implemented
on a laboratory prototype. Based on the requirements and specifications given for the sys-
tem, the magnet power supply system, including the power and control circuits, is
designed by following the design procedures.

The power ratings of the rectifier and the active compensator are calculated. In
addition, the relationship between the smoothing reactor and the active compensator is
discussed in this chapter and the smoothing reactor is designed. Experimental results are

also presented for verification of the theoretical concept.
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6.2 Design Procedures

To design a magnet power supply system with a shunt topology, and given the
input ac source, the components and parameters of the system, and the system require-

ments, the following parameters can be determined:

1) In the power circuit: the tums ratio of the transformers, passive filter parame-

ters, parameters and power ratings of the rectifier and the active compensator,

2) In the control circuit: parameters of the rectifier and the active compensator

control loops.

In order to determine the above parameters, the system design procedures consist

of the following steps:
1. Design the rectifier output passive filter.
2. Determine the current, voltage and power ratings of the rectifier.
3. Determine the current, voltage and power ratings of the PWM converter.
4. Design the dc input filter of the PWM converter.
5. Design the rectifier feedforward and feedback loop.
6. Design the rectifier o correction loop.
7. Design the PWM inverter’s current feedback loop.

A design example illustrating each step of the design procedure is given in the fol-

lowing sections.
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6.3 Design Example

A design example is presented in the following description to illustrate the design
procedures. The system schematic circuit, including power and control circuits, is shown

in Figure 6.1.

Similar to the series topology, the stringent requirements of the bending magnet
power suppiy may not be achieved on the experimental setup, due to limitations of the lab-
oratory equipment and devices. However, this experimental system provides sufficient

results for verification of the basic concept presented in this thesis.

To validate the proposed structure, a 1kVA laboratory prototype having the follow-

ing parameters, is used:

- Configuration: a 6-pulse phase-controlled rectifier connected in parallel with a

signal phase PWM inverter through a smoothing reactor;
- Input source: 3-phase, 60 Hz, 207.8 V,
- Magnetload: P, 4040 =200 W, V, 1;/0q =25 V and 1, = 25.6 ms;
- Load current: 2 A to 10 A; ramp period = 0.1 s;
- Switching frequency (chopper): SkHz.

Calculation of the power circuit parameters of the rectifier and PWM inverter are
done on a per unit basis. The base values are Vg, = 25V, Iz, = 10 A and S, = 250
VA.
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Figure 6.1: Proposed magnet power supply using shunt topology.
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6.3.1 Power Circuits Design
6.3.1.1 Smoothing Reactor

The size of the smoothing reactor will affect the costs and transient response of the
designed system. In the steady state, the larger the smoothing reactor, the smaller the cur-
rent rating of the PWM inverter, and the more bulky and expensive the passive filter. Dur-
ing transient operation, the larger the smoothing reactor, the larger the current rating of the
compensator, since slow rectifier system response due to the smoothing reactor demands
that the PWM inverter provides more of the load current. However, this fact can be
ignored as long as the rectifier output voltage is large enough to compensate for the volt-

age drop caused by the increasing of the smoothing reacior.

In this chapter, the smoothing reactor is designed based on steady state operating
conditions under the above assumption. In addition, the load current is also assumed 1o be
ripple free, w hich means that all of harmonics produced by the rectifier are compensated

by the PWM inverter. The harmonic equivalent circuit can be drawn in Figure 6.2.

Figure 6.2 also shows that the rectifier harmonic current, i,,(1), as well as the cur-

rent of the compensator, if?), can be calculated as:

; vrn(t) - Vrn(t) — .
i (1) = Jo L, = —5 =i, () = ‘jn(') (6.1)

sn

where n is the n'# order harmonic, W, = 271nf;, i p(t) is the harmonic current pro-
duced by the rectifier, v,,,(1) is the harmonic voltage at the rectifier output, ig,(1) is the har-
monic current of the smoothing inductor, and i,(1) is the injected harmonic current by the

PWM inverter.
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The smoothing inductance can be chosen by using (6.1) which is illustrated in Fig-

ure 6.3. In this design example, by choosing the operation point “*", as shown in Figure

6.3, the smoothing reactor can be chosen as L = 10 mH.

6.3.1.2 Rectifier

The rectifier is designed for the total load power requirement. Under steady state
operation and rated curreat, the required voltage is defined as V,, = 1 p.u.. During the
ramping operation, the voltage across the load has to be boosted to meet the tracking
requirements. If the ramp period is defined as O.1s, the voltage across the magnet inductor
during the ramp, Av,,, can be calculated as:

di 10-2

(74
Av, = L,x—2 = 0064 X ——

= 0.2p.u. (6.2)

A 10-mH smoothing inductor L, during the ramp, will also contribute to the volt-

age boost requirement. The new voltage required for the ramp can be calculated as:

di, 10-2
Av; = (L,+Ly) x-‘-i? = (0.01 +0.064) % 0

= 0.23p.u. (6.3)

The maximum voltage required by the load is found at the top of the current ramp

and can be calculated as:

V, max = V,c+4v, = 1.23pu. 6.4)

r'

Ccnsidering the voltage drops due to the switches and possible source voltage fluc-

tuations, a 10% voltage margin for the rectifier output voltage is used, that is:
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v = 1.1 x1.23 = 1.36p.u. (6.5)

r, max

In order to generate such a voltage in Equation (6.20), the minimum rectifier input

line voltage should be:

Vv
V“ = __':,_’10__1 = lp.u. (6.6)

ay = 2= 50 283 (6.7)

6.3.1.3 PWM Converter

Because the compensator is connected in parailel with the magnet load, the maxi-
mum dc bus voltage of the PWM inverter is chosen such that it equals the maximum volt-
age of the magnet load. Therefore:

Ve =V = Av;,+V,, = 1.2p.u. (6.8)

c Jorated ~

The minimum input line voltage of the diode rectifier can be calculated as:

Vdc

Vdiode,[l = '1_'3'5 = 0.89[.').11. (6.9)

Then, the turns ratio of the diode input transformer T is given by:
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Vsl

o = =9.33 (6.10)

Vdiode.ll

6.3.2 Power Ratings of the Rectifier and the Compensator
6.3.2.1 Rectifier Power Rating

Since the rectifier supplies the main power to the load, the maximum current pass-

ing through the rectifier is the maximum load current required, that is:

1, rated = 1o, ratea = 1PU- (6.11)
The power rating is defined as:
Srawd = vratchIraled (6-]2)

The voltage rating of the rectifier is chosen as its maximum output voltage, that is:

V, rated = V,, max = 1-36pu. (6.13)

Then, the power rating for the rectifier can be calculated as:

S d~ Vr, mted'lr. rated = 1.36p.u. (6.14)

r, rate
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6.3.2.2 PWM Converter Power Rating

In steady state operation, the PWM converter will essentially compensate for the
dominant 360-Hz harmonic. The largest 360-Hz harmonic occurs when the delay angle o

equals 90°. At this angle, the harmonic amplitude is calculated as:

v, bpeak = 046V, = 0.46 x 1p.u. = 0.46p.u. (6.15)

The dominant 360 Hz harmonic current which passes through the PWM inverter

can be calculated as:

_ Vr. 6peak _ 0.46p.u.

6= X o " omspu 0P (6.16)
with,
ﬁmsLS
X = > = 9.05p.u. (6.17)
base

The above calculation is based on the following assumptions:

1) All of the harmonic currents generated by the phase-controlled rectifier are com-

pensated by the PWM inverter; and
2) The rectifier output contains a 10-mH smoothing reactor.

Taking into account the existence of higher order harmonics and the requirement to
provide a small amount of dc power during transient operation, in this design example, an

additional 0.1p.u. current margin is used. The current rating of the PWM inverter is chosen
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as [ rgieq = 0.1+ I; 6= 0.15 p.u.. This can be obtained by running simulations and can also
be verified from experimental results shown in Figure 6.9 (a). Under different operating
conditions, the maximum current supplied by the PWM converter is about 0.1 p.u. during
the ramp operation, this value depends on the design of the rectifier control loops and the

response time of the rectifier and the PWM converter.

The voltage rating of the PWM converter is chosen the same as the load voltage

rating as well as the dc bus voltage of the converter, that is:

V},rated =V, = 12pu (6.18)

Hence, the power rating of the PWM converter is given by:

s}, rated = V], rated’ lj, rated = 0.18p.u. (6']9)

This result shows that the power rating of the PWM converter is only 13% of that

of the rectifier.

6.3.3 Relationship of the Passive Filter and the Compensator

The previous discussion shows that the power raiing of the PWM converter
depends on the ramping period (di,/dr), the time constant (1,) of the magnet load, and the

smoothing inductor (L,). The relationship between these quantities is examined below.

Equations (6.20) and (6.20) show that the larger the magnet inductor or the larger
the current ramp rate, the higher the voltage rating the rectifier and the compensator. This

is further illustrated in Figure 6.4. Figure 6.4 (a) shows that during the current ramp
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period, the required load voltage is directly proportional to the load inductance and the

current ramp rate. As a result, the PWM converter voltage, v/(1), increases linearly, as is

shown in Figure 6.4 (b).

Viity dref (p.u.)

A

di
Avy, = L x—=
10 0 dt

Ip.u.

Avio /

Vj(f )= Vot )

[ \ io(1)

iref Ip.u.
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(
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A

2.6
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Figure 6.4: Peak voltage rating of the PWM converter.
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The relationship between the current rating of the compensator and the size of the

passive filter is investigated under steady state operation conditions using (6.1) which is

illustrated in Figure 6.3.

The above presentations show that the voltage rating of the compensator is deter-
mined by the load and the required current profile. The current rating of the compensator
on the other hand, is dictated by the passive filter (smoothing inductor). In other words,
once the system specifications are given, the voltage rating of the compensator is fixed.

Therefore, the power rating of the compensator depends mainly only on its current rating.

Figure 6.3 also reflects the active filter portion of the compensator power rating
versus the size of the passive filter. Hence, the smoothing reactor can be chosen such that

the costs of the passive filter and the PWM inverter are minimum.
6.3.4 Control Circuit Design
6.34.1 Rectifier Control

Rectifier control contains three parts as shown in Figure 5.3: 1) feedforward

control; 2) current feedback controi; 3) & correction loop.
6.3.4.1.1 Feedforward/Feedback Control

As discussed in the previous chapter, a combined feedforward and feedback con-
trol is mainly used to control the rectifier. A PD controller is implemented in the feedfor-

ward control loop and a PI controller is implemented in the feedback control loop.

Ignoring the effect of the a comection loop and the iy(1), the rectifier feedback/

feedforward loop is designed based on the small-signal block diagram shown in Figure
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6.5. This can be simplified as Figure 6.6.

Feedforward

Feedback Rectifier Filter + Load
bref

+ '\ Vref olt)

iof1)

Figure 6.5: Simplified small-signal block diagram of Figure 5.4.
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Figure 6.6: Simplified block diagram of the phase-controlled rectifier of Figure 6.5.
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Thus, the closed-loop transfer function of the rectifier loop is given by:

i (5) G, (5) xG,(5) xH,(s)

ire[ - 1+G,;(s) XG,(5) XHo(s) .G'rf(s) (6.20)
G,;(s) +G,;(5)
Gyter = (6.21)

Gri (s)

If the feedforward controller is designed to compensate for the rectifier (including

passive filter) and the magnet load, that is:

1

Gl = XA (6.22)
Substitute (6.21) into (6.20), yields:
i, (s) 1+G,;(5) xG,(5) xH,(5) G,;(5) xG, (s) xH_(s)
T G XC, () XH, () 1+G,;(5) %G, (3) xH,(5)
=1 (6.23)
Therefore:
i(n = bper (6.24)

This means that, in theory, the load current can exactly follow the current reference
by operating the rectifier alone with the combined feedback/feedforward control. How-
ever, in practice, it is not easy to implement a feedforward controller to complete compen-

sate for the rectifier and load by using (6.22) due to the nonlinear effect of the rectifier. The
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implementation on the laboratory prototype in this thesis is done by using the approxima-

tion formula as is shown in (6.25):

1
Grf(S) = m (6.25)
where,
G,(s) = K,e—ST‘ (6.26)
H,(s) = : (6.27)

R,+s(L,+L)

sL

- 5
Hy(s) = R,+s(L,+L) (6.28)
sT"-+l
G”-(S) =K, % 5T (6.29)

ri

Based on the above discussion, by using (6.25), the gain and the time constant of

the feedforward controlier are given by:

R, 2.5
,f =5 = 135535 = 0.074 (6.30)
Ls+Lo 0.074 -3
Ty = —p— = Tae5css = 219X167(s) (6.31)

r

To design the rectifier current feedback loop shown in the Figure 6.6, the Joop
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transfer function of the rectifier system can be expressed as:
G, (5) =G, (5) xG, (s) XxH,(5) (6.3

In order to obtain the optimum damping of the loop, the time constant of the Pl

controller G,{s) can be chosen by using a “symmetrical optimum” method [28], yields:

T, = 2T, (1+2£)2 = 0.016 (s) (6.33)

where the damping ratio & of the system is chosen as 0.707. To obtain the system phase
margin around 60 degrees, the gain of the PI controller can be chosen by using the conven-

tional Bode plot approach which is shown in Figure 6.7, that is:

K,=2 (6.34)

)
e
£
[x:]
&)
0 . ———
g aETIIIIIIIIITII I =180
1)
[5)
T 400t
2
£ -600 . .
10° 10! 10 103
Frequency (Hz)

Figure 6.7: Bode plot of the rectifier current feedback loop transfer function.
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In this design example, K, is the gain of the phase-controlled rectifier and it equals

33.75, T4 is the average dead-time delay of the controlled rectifier and it equals 1.38ms,

and H ,(s) is the transfer function including the load an¢ ‘ \e smoothing reactor.

6.3.4.1.2 o Correction Control

The a correction loop (loop #3, Figure 5.4) can be designed such that the rectifier
is forced to take over (more or less) the dc power generated by the PWM inverter during
transient operation through the adjustment of the rectifier delay angle a. Equation (5.1)
shows that the same load current can be achieved by combining the current of the rectifier
and PWM inverter. This means that the additional rectifier output voltage can be accu-

rately calculated by knowing the dc current passing through the PWM inverter, that is:
AV,; = Al x (R+5(L,+L,)) (6.35)

where A/, is the additional PWM converter’s dc current needed to be compensated by the
rectifier, and AV, is the desired additional rectifier output voltage due to A/,;. Behind this

ideal, the o correction loop can be designed such that:

R +s(L_+L)
K

r

G, (s) = (6.36)

The gain and time constant of this controller are given by using (6.20), that is:

Ro
K, = - = 0074 (6.37)

o =K
r
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T =-2_2=219%x1073(s) (6.38)

To attract the dc current of the PWM inverter, the cut-off frequency of the low pass

filter is chosen as 10-Hz which is slower than the rectifier current feedback loop.

6.3.4.2 PWM Converter Control

The inverter current feedback loop uses a PI controller. The loop transfer function

was presented in (5.5) and is illustrated in Figure 6.8.
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Figure 6.8: Bode plot of the converter current loop transfer function.
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To ensure that the linear model of the PWM inverter is suitable for this purpose,

the system cut-off frequency is chosen to be around one-third of the switching frequency,
that is 1.67kHz. By using the conventional Bode plot approach, the gain and the time con-

stant of the PI controller, Gp,'(s), can be chosen as:

K,; = 1655 (6.39)
T, = 16.4 (ms) (6.40)

Figure 6.8 also shows that by choosing the above controller parameters, the system
phase margin is around 60 degrees. This shows that the system dynamic response is

greatly improved when compared with the rectifier current feedback control loop.

6.4 Results

The system has been implemented on a laboratory prototype with the design

parameters. Experimental results are discussed in the following.

Figure 6.9 shows the experimental load current waveforms with only the phase-
controlled rectifier. Figure 6.9 (a) shows that, even without the PWM inverter feedback
loop, the load current is able to track the refererce command closely due to the rectifier
feedforward/feedback control loop. As expected, using only a combined feedforward/
feedback loop (loop #1, Figure 5.4), the steady state error during the flat bottom/top peri-
ods are smaller when compared with the feedforward control alone, as shown in Figure
2.7. Also, the load current still contains a large amount of current ripples, as can be seen in
Figure 6.9 (b). Figure 6.9 (c) shows the harmonic spectrum of the load current at the flat

bottom, as can be seen there is a larger portion of 360Hz harmonic in the load current. In
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addition, the tracking error still exists because there is a certain degree of error between

the designed and implemented parameters, it can be seen in Figure 6.9 (a).

Figure 6.10 gives experimental results of the complete system, which includes
both the rectifier and the PWM converter and is shown in Figure 6.1. Figure 6.10 (a)
shows that, by including the PWM converter and its current feedback loop, the load cur-
rent can track the current reference and the ripple has been greatly reduced. This can be
seen more clearly from the steady state waveform in Figure 6.10 (b). It also shows that by
using the active compensator, the peak-to-peak ripple at 2A is attenuated by more than 100
times. Compared with Figure 6.9(c), Figure 6.10(c) show that the 360Hz harmonic has
been reduced 100 times by using the proposed shunt compensation approach. These wave-
forms show that this system provides an excellent current regulation under various operat-

ing conditions.

To verify the operation of the o correction loop (loop #3, Figure 5.4), the current
waveforms of the PWM converter are recorded in Figure 6.11. Without the & correction
loop, the PWM inverter is required to generate the large current during the ramp period
and a sustained dc current during the flat top region. When the o correction loop is
included, the PWM converter dc current is forced back to the minimum (ideally zero)

under the new steady state conditions.
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Figure 6.9: Experimental waveforms of the system with only the rectifier.

(a) Load current and current reference; (b) Expanded ac portion
of the load current at 2A; (c) Harmonic spectrum of the load

current at o = 80° (i,=2A).
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Figure 6.10: Experimental waveforms of the proposed system.
(a) Load current and current reference;
(b) Expanded ac portion of load current at 2A;

(c) Harmonic spectrum of foad current at o = 80°.
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Figure 6.11: Experimental inverter current waveforms. (a) Current reference;

(b) Without o correction loop (Figure 5.3,

(¢) Including « correction loop.
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6.5 Summary

In this chapter, a large-power high-performance magnet power supply using shunt
compensation topology has been designed and implemented on a laboratory prototype.
Experimental waveforms show that the rectifier voltage harmonics and tracking errors are
compensated by the high-frequency PWM converter. Large power rating and fast response
can, therefore, be achieved simultaneously. Moreover, the power rating of the compensa-
tor is only a portion (13%) of that of the rectifier. Overall, excellent load current regulation

is achieved with the proposed magnet power supply.
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Chapter 7

Conclusion

7.1 Summary

The work presented in this thesis contributes to improving the performance of high
current bending magnet power supplies based on thyristor rectifiers. Two of the stringent
requirements of this application, low current ripple and fast system dynamic response, are
achieved by proposed hybrid structure using either series or shunt compensation topolo-

gies.

The presented magnet power supplies are studied under both steady state and tran-
sient operations. Components of the power circuits, including the passive filters, are cho-
sen and the functions of each component are explained. The proper control schemes are
designed so as to meet the two stringent requirements and to ensure proper power sharing
between the rectifier and the PWM converter. The phase-controlled rectifier is designed to
handle the bulk of the power required by the magnet load and the active compensator,
using a high-frequency PWM converter provides only for harmonic cancellation and error

compensation. The power rating of the PWM compensator is only a fraction of the total

power.
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Excellent load current regulation is demonstrated with both the series and shunt

hybrid topologies under steady state and transient operations. The results of computer sim-

ulations and experimental setups provided in this thesis validate the theoretical concept.

7.2 Contributions and Conclusions

In conventional active filter topologies, high-frequency PWM converters are ac-
coupled and compensated only for harmonics. The major contribution of this thesis is to
use directly dc-coupled high frequency PWM converters for both harmonic current can-

cellation and tracking error compensation.

The direct coupling active filter results in added complexity in the design of the
magnet power supply control loops. This is caused by the difficulty in controlling the load
sharing between high power rectifiers and high frequency converters during transient

operation.

Control issues related to the solution of the above problem are addressed in the fol-

lowing manner:

1) In series topology, a simple control scheme with feedforward (predicative) con-
trol is applied to the phase-controlled rectifier to solve the power sharing problem. The

series connected compensator is a high-frequency PWM two-quadrant chopper.

To compensate for the current errors due to sudden changes in the current refer-
ence, the directly dc-coupled compensator is used to provide a small portion of output
power during transient operation. Moreover, a combined current feedback and voltage
feedforward control scheme is designed to control the PWM two-quadrant converter for

harmonic cancellation and error compensation. A suitable control scheme guarantees that
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the rectifier provides the bulk of the power required by the magnet and that the power rat-

ing of the PWM compensator is only a fraction portion of the system power rating.

Excellent performance, which results in low current ripple and fast system
dynamic response both in steady state and transient operations is achieved by using this

topology. The steady state performance can be seen from Table 7.1.

Table 7.1: Steady state performance of using the series topology (Ip,s = io(t) = 2A).

Peak-to-peak ripple THD
Components (Load current) (Load current)
X 10'3(per unit) (%)
— Rectifier + Passive filter 40 1.72
Rectifier + Passive filter + Active Compensator 0.75 0.02

2) In shunt structure, a simple control scheme with a combined feedforward/feed-
back control loop is added to the phase-controlled rectifier to solve the power sharing
problem between the rectifier and the PWM converter. It also compensates for the small
discrepancies which arise due to the load parameter deviations and input voltage fluctua-
tions. An & correction loop helps this respect by transferring part of the transient current to
the rectifier (shown in Figure 6.11) and to ensure that under steady state operation the high
frequency converter reverts to its strict role as an active filter. The shunt connected com-

pensator is a high-frequency PWM four-quadrant chopper (inverter).

To compensate for the current errors due to sudden changes in the current refer-
ence, the directly dc-coupled PWM compensator is made to provide the additional output

power required during wansient operation. This compensator is controlled by using con-

99




ventional current feedback scheme.

Excellent performance, which results in low current ripple and fast system
dynamic response both in steady state and transient operations, is achieved by using shunt

topology. The steady state performance is shown in Table 7.2.

Table 7.2: Steady state performance of using the shunt topology (Ip,ce = i,(t) = 2A).

Peak-to-peak ripple THD
Components (Load current) (Load current)
X 10'3(per unit) (%)
Rectifier + Passive filter 220 545
Rectifier + Passive filter + Active Compensator 1.5 0.05

Since the dominant harmonic current is the 6"’, in Table 7.1 and Table 7.2, the

THD (total current distortion) is calculated by using the following equation:

!
THD = -L:5peak (7.1)

Additional issues related to power rating minimization and performance can be

summarized as follows:

1) In order to minimize the power rating of the high-frequency PWM converters,

passive filters are proposed.

In series structure, a second order L-C filter with an R-C damping branch is cho-
sen. It reduces the amount of harmonics in the first step, hence, the power rating of the

active filter is also reduced.
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In shunt topology, a first order filter, such as a smoothing reactor, is used. This pas-

sive filter is used not only to reduce the harmonics at the rectifier output, but also to make

load voltage controllable. The design of the smoothing reactor is discussed by comparing

the costs of the passive filter and the active compensator.

2) The power rating of the PWM converter is calculated for both topologies. In
series topology, a 23.7% power rating is required that of the rectifier to have a passive fil-
ter with a cut-off frequency of 3w, at the rectifier output. In shunt topology, a 13% power
rating is required that of the rectifier for an 0.032 p.u. smoothing reactor based on a 0.2p.u.

load inductor. Table 7.3 and Table 7.3 show the detail results of using the series and shunt

topologies, respectively.

Table 7.3: Series topology (Base: Load rated quantity).

Components Actual per unit
Steady state ripple 1.5mA 0.15 x 107
Rectifier V (Voltage rating) 33.75V 1.35
(main power supply) I (Current rating) 10A 1.0
S (Power rating) 330.75 VA 1.35
L 8mH 7.24
Passive
“ C 125 1.4
g WF
g Quadrant 2 2
8 ;
g Active V (Voltage rating) 8V 0.32
© I (Current rating) 10A 1
S (Power rating) SOVA 0.32
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Table 7.4: Shunt topology (Base: Load rated quantity)

Components Actual per unit
| =
Steady state ripple 3mA 03x 1073
Rectifier V (Voltage rating) 34V 1.36
(main power supply) I (Current rating) 10A 1
S (Power rating) 340 VA 1.36
L 10 mH 9.05
" Passive C i i
g
‘é Quadrant 4 4
2 .
g Active V (Voltage rating) 0V 1.2
O ! (Current rating) 1.5A 0.15
S (Power rating) 45VA 0.18

It should be noted that, in the series topology, a large compensator power rating is

required comparing with that of the shunt compensation topology. This is due to the fol-

lowing reasons:

- The comparison of the two topologies was not under the same rating of the

passive filters.

- Two topologies did not use the same control scheme. In the series topology,
the rectifier uses only the feedforward control, which requires the PWM converter to pro-
vide more power to compensate for the steady state error during the steady state and tran-

sient operations comparing with the shunt topology.

3) The advantages/disadvantages of using series and shunt topologies are as fol-

lows:

- In series topology, the high-frequency switches conduct the high currents, but
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only see low reverse voltages (harmonic voltages). On the other hand, in shunt topology,

the high-frequency switches conduct low currents (harmonic currents), but with a high

reverse voltage (maximum load voltage).

The final choice depends upon the voltage and current ratings of the magnet. If
voltage limitation of standard switches is not exceeded (typically 1500V for IGBT’s), then

it might be advantageous to use the lower current shunt topology.

7.3 Future Work

The following suggestions for research can be carried out in the future.
1) Scheme refinements:

In this thesis, 1kVA cxperimental systems have been set up in both of series and
shunt topologies. Due to the limitations of the laboratory equipment, such as the lack of
precision instruments (less than 0.01%) and the low protc . pe current ratings, the experi-
mental setups can not be utilized to verify the typically large magnet power supply perfor-
mance particularly regarding to accuracy and vandwidth. Applying the system to a large

power magnet would allow further refinements of the proposed schemes.

2) Investigations of current source PWM converter topologies rather than of volt-
age source PWM converter topologies used in this thesis.

3) Study of the effects on hybrid structures under ac unbalanced operating condi-
tions.

At last, it is worth to mention that some results of this research have already been

published [29][30], where the hybrid structure with both the series and shunt topologies

are presented.
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