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ABsTrACT: To enhance the stability of beam orbit, a Fast Orbit Feedback System (FOFB) eliminating
undesired disturbances was installed and tested in the 3™ generation synchrotron light source of
Taiwan Photon Source (TPS) of National Synchrotron Radiation Research Center (NSRRC). The
effectiveness of the FOFB greatly depends on the output performance of Fast Corrector Power Supply
(FCPS); therefore, the design and implementation of an accurate FCPS is essential. A rigorous
mathematical modelling is very useful to shorten design time and improve design performance of a
FCPS. A rigorous mathematical modelling derived by the state-space averaging method for a FCPS
in the FOFB of TPS composed of a full-bridge topology is therefore proposed in this paper. The
MATLAB/SIMULINK software is used to construct the proposed mathematical modelling and to
conduct the simulations of the FCPS. Simulations for the effects of the different resolutions of ADC
on the output accuracy of the FCPS are investigated. A FCPS prototype is realized to demonstrate
the effectiveness of the proposed rigorous mathematical modelling for the FCPS. Simulation and
experimental results show that the proposed mathematical modelling is helpful for selecting the
appropriate components to meet the accuracy requirements of a FCPS.
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1 Introduction

For advanced scientific investigations in the related fields of molecular, material and medicine etc.,
the 3™ generation synchrotron light source of Taiwan Photon Source (TPS) in National Synchrotron
Radiation Research Center (NSRRC), a 3 GeV synchrotron facility with very low emittance and
ultra-brightness beam source, was constructed and operated since 2014. TPS is a concentric ring
where booster and storage rings are built in the same tunnel. The booster ring is used to ramp
the electron beam with 150 MeV from a linear accelerator up to 3 GeV at a 3 Hz repetition rate.
The storage ring composed of 24 double-bend cells with 6-fold symmetry in a circumference of
518.4 m is then used to extract the electron beam. Due to the small beam sizes both in vertical and
horizontal planes, the beam position control has to be in the order of tens of ym and therefore the
requirement for the accuracy and stability of beam orbit is high. In order to enhance the accuracy
and stability of beam orbit, a Fast Orbit Feedback System (FOFB) composed of corrector magnets,
power supplies, beam position data and orbit compensation algorithm was installed and tested in
TPS since 2015. The FOFB system can be used to eliminate undesired disturbances coming from
magnetic strength errors, alignment errors and water pipe vibrations close to magnets etc. and to
suppress the beam orbit instability [1, 2].

The effectiveness of the FOFB greatly depends on the output performance of Fast Corrector
Power Supply (FCPS) for corrector magnet; therefore, the design and implementation of a high
accurate FCPS is essential. To achieve high accuracy and stability for a FCPS, some optimal design
issues such as the selection of circuit components, the adjustment of controller parameters, the
influences of uncertainties in the current sensor and circuit components on output stability and so
on should be considered and integrated into a FCPS design. In general, the commonly-used circuit
simulation software including PSCAD, Spice, and PSIM etc. can be used for transient-behavior
simulation of a FCPS; however, the software cannot be straightforwardly used to select the circuit
components, adjust the parameters of controller and especially revolve the effects of uncertainties in
the current sensor and circuit components on output stability. The design of a high accurate FCPS
is therefore very time-consuming since many factors need to be premeditated and investigated. A



rigorous mathematical modelling is indispensable for shortening design time and improving design
performance of a FCPS [3, 4].

A rigorous mathematical modelling derived by the state-space averaging method for a FCPS
in the FOFB of TPS composed by a full-bridge topology is proposed in this paper. The
MATLAB/SIMULINK software is used to construct the proposed mathematical modelling and
to conduct the simulations of the proposed FCPS. The proposed mathematical modelling for the
FCPS can be used to select the appropriate components to meet the accuracy requirements of the
FCPS. As a case study, the simulations for the effects of different resolutions (bits) of ADC on the
output accuracy of the FCPS in the FOFB of TPS are investigated. Simulation results demonstrate
the effectiveness and efficiency of using the proposed mathematical modelling for the optimal design
of the FCPS.

2 Basic circuit and operations of a FCPS

Figure 1 shows the basic circuit configuration of the FCPS in the FOFB of TPS designed and
developed by the power supply group of NSRRC. The +10 A/+50 V FCPS employs the full-bridge
topology where Vpc is the input DC voltage; S; to S4 are the MOSFETS; Lry, Ly and Cy constitute
a low-pass filter; Ly and Ry, are the equivalent load of a corrector magnet; and Shunt is a high
precision shunt resistor used as current sensor. A Hybrid Pulse Width Modulation (HPWM) as
proposed in [5] requiring two of the four MOSFETs in the full-bridge circuit to be operated at high
frequency and the other two be switched at the output frequency is adopted in this paper. Since
only two of the four MOSFETs are switched at high frequency, the switching loss can be reduced
effectively. The HPWM was designed based on the conventional unipolar PWM which compares
a sinusoidal reference signal with a triangular carrier signal to generate the PWMs for MOSFETs.
Figure 2 illustrates the theoretical PWM control signals for the MOSFETs S; to S4 and the bridge
output voltage assuming that S| and S, are operated at output frequency and S3 and Sy are switched
at high frequency. In figure 2, Vi, and Vi, iny are the sinusoidal reference signals for the positive
and negative bridge output voltages, respectively; Vi is the triangular carrier signal; PWMg; to
PWMgy4 are the corresponding PWM control signals for MOSFETs S to S4; and Vyy, is the bridge
output voltage.
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Figure 1. Basic circuit configuration of a full-bridge FCPS.
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Figure 2. Key waveforms of the full-bridge FCPS.

It can be observed from figure 2 that PWMg, and PWMg4 are complementary to PWMg; and
PWMgs. There are four operational modes in the FCPS. Figure 3 shows the equivalent circuits
of modes 1 and 2 for the positive bridge output voltage. As shown in figures 2 and 3(a), mode 1
represents that Vg, is larger than 0 and Vj, is larger than Vy; with PWMg, PWMg,, PWMg3 and
PWMgs3 being in the ON, OFF, OFF and ON states, respectively, and the bridge output voltage
Vab being +Vpc. Similarly, mode 2 denotes that Vg, is smaller than O and Vj, is larger than Vi
demonstrated in figures 2 and 3(b), with PWMg |, PWMg,, PWMg3 and PWMg3 being in the ON,
OFF, ON and OFF states, respectively, and the bridge output voltage V,, being 0. Modes 3 and 4
which are similar to modes 2 and 1 belong to the negative bridge output and the details are abridged.
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Figure 3. Operational modes of the proposed FCPS.



3 Rigorous mathematical modelling of a FCPS

To achieve high accuracy and stability in the FCPS, a rigorous mathematical modelling is derived in
this paper to simulate some optimal design issues for the FCPS and therefore to shorten design time
and improve design performance. The state-space averaging method that has been widely applied
to model power electronic circuits is used in this paper. The state-space averaging method uses the
state variables to derive the state equation for the equivalent circuit of each switching mode and
then average the state equations using duty cycle to obtain the state-space averaging equation. The
transfer function aiming for the stability analysis and optimal parameters design of controller can
be solved by the derived state-space averaging equation.
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Figure 4. Equivalent circuits of operational modes.

Figure 4 shows the equivalent circuits of modes 1 and 2 where r¢1 and ryz> are the DC
impedances for Lgy and Lyy; rcy is the equivalent series resistance of Cy; rps is the drain-source
resistance of a MOSFET; and Rsy is the shunt resistor of the current sensor. For simplicity, the
summations of L¢y and Ls, and of r¢p 1, rrr2, rps and rps are denoted as Ly and Ry, respectively.
From figure 4, it can be observed that the state variables for the FCPS are iy 1, iz p, and vey. Using
Kirchhoff circuit laws, eq. (3.1) can be derived.

diLT

Vbc = LTW +iprRr +vey + (icr —iLm) rey (3.1a)
di . . .
Ly CZM +(Rsu + Ry )ipm = rey (it —im) + vey (3.1b)
dv
irt = Cy </ +irm (3.1¢c)
dt
The output voltage can be expressed as

Vo = (iLT —iLm)rcr +vey + Rsuim (3.2)

The state equation for mode 1 can be rearranged from (3.1) and (3.2) and expressed as

dipt [ _ (Rr+rcy) rcr 1 i
dt Lt Lt T T
diy | | rep _(RetRutrer) 1 ||, +[LL00] [Voc] (3.32)
dvcy Ly Ly Ly T
= & 0 ||ver
dt L Cf Cf
) iLr
Vol = | res (Rsn=rey) 1] [ i (3.3b)
vcr

_4_



Eq. (3.3) can be rewritten as
x(t) = A1x(t) +Bju(t)

(3.4a)
y () = Cix(t) +Dyu(t)
T
X = iLT iLM vcr (3.4b)
y=1[Vol (3.4c)
u = [Wpc] (3.4d)
-_(Rr+rcf) rcf 1
Lt Lt Lt
Ay=| 1 _RswtRmires) 1 (3.4e¢)
Ly Lps Lps
€ L 0
Cy Cy
— 1 T
Bi=|7 00] (3.4)
C1 = |rcy (RSH - rcf) 1 ] (3.4g)
Dy = [0] (3.4h)

Using the similar procedures as derived in (3.1) to (3.3), the state equation for mode 2 as shown in
figure 4(b) can be expressed as

X (t) = Axx (t) +Bau (t)

(3.5a)
y (t) = Cax (t) +Dau (1)
Ay = Aq (3.5b)
T
B, = [0 0 o] (3.5¢)
C=C (3.5d)
D, =D; (3.5¢)

Let T be one switching period and dTg and d T be the turn-on time and turn-off time for modes
1 and 2 in the switching period as illustrated figure 4, respectively, the state equations for mode 1
and mode 2 as expressed in (3.4a) and (3.5a) can then be rewritten approximately as (3.6) and (3.7),

respectively.
dTs) —x (0
% — Aix+Bu (3.68)
dTSy = dT5C1X+dT5D1u (3.6b)
Ts)—x (dT.
—X( s) ~x(dTs) = Ayx + Bau (3.7a)
d'Ts
d’TSy = d’T5C2X+dIT5D2u (3.7b)

The state equation for one switching period can be obtained approximately by averaging the state
equations for modes 1 and 2 expressed in (3.6) and (3.7), they are

Ts)—x(0
—X( S)T x(0) = d(A;x + Bju)+d'(A,x + Bau) (3.8a)
s
T T,
d SYI;d SY2 _ 4Cix+dDyu+d Cax+d'Dyu (3.8b)
S



Therefore, the state-space averaging equation can be written as

x (t) = Ax(t) +Bu(t)

(3.92)

y (t) = Cx(t) +Du (t)
A =d(Ay)+d (Ay) (3.9b)
B =d((B))+d (By) (3.9¢)
C=d(Cy)+d (Cp) (3.9d)
D = d (Dy) +d’ (D) (3.9¢)
d=1-d (3.9f)

The stat-space averaging equations obtained by (3.9) can be integrated into optimal design of the
FCPS. Figure 5 illustrates the simulation architecture for the FCPS using state-space averaging

equation where i%’"}lA is the current signal acquired from the shunt resistor and signal acquisition

module; i#DC is the digital current signal obtained by the ADC module; and iM is the current
command used for Proportional-Integral (PI) controller. From figure 5, it can be observed that the
effects of the DC impedances of L¢j and Ly, the equivalent series resistance of Cy, the drain-source
resistance of a MOSFET and the shunt resistor of the current sensor on the output performance
of the FCPS can be effectively analyzed in the proposed simulation architecture. Besides, the
uncertainties in the signal acquisition module and ADC module can also be investigated. Therefore,
some optimal design issues such as the selection of circuit components, the adjustment of controller
parameters, the effects of uncertainties in the current/voltage sensors and circuit components on the
output stability and so on can be considered and integrated into the FCPS design using the derived
state-space averaging equation and the proposed simulation architecture.
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Figure 5. Simulation architecture for a FCPS.

4 Simulation and experimental results

The MATLAB/SIMULINK software is used to construct the proposed mathematical modelling and
to conduct the simulations of the FCPS. Figure 6 shows the simulation block diagram constructed
by MATLAB/SIMULINK software. Table 1 lists the circuit parameters used in the designed FCPS.
The proposed simulation architecture can be used to design and select the components for the
deigned FCPS. As a case, the simulations for the effects of the different resolutions of ADC on the
output accuracy of the proposed FCPS are investigated. The rated output current iy s is £10 A.



The output current is transformed to an input voltage in +0.1 V for the signal acquisition module by
the shunt resistor. The output current signal i%\EdA is in £10 V and the ADC module with the input

range of £12 V is used to convert the analog output current signal i%A]?IA to the digital current signal

iézl\szc' The accuracy requirement for the output current iy 5s is that the mean error must be lower
than 10 ppm (100 uA) at 10 A.
The maximum round-off error for an ADC module with the input range of +12V can be

calculated by

24
ADC™ =

T ON+1 .1

where N is the number of bits for the ADC module.

The 12, 14, 16, 18 and 20-bit ADC modules are simulated by the proposed architecture. The
maximum round-off errors for the different bits are listed in table 2. From (4.1) and table 2, the
digital values in integer format, the floating values (V) and the round-off errors (V) for input value
10V converted by the 12, 14, 16, 18 and 20-bit ADC modules are shown in table 3. Obviously,
the larger number of bit for the ADC module has lower round-off error; however, it causes greater
computational burden in the controller performance. Therefore, the appropriate number of bit for
the ADC module needs to be designed thoughtfully. The proposed simulation architecture as shown
in figure 6 can effectively take the influences of different bits of the ADC module on the output
current accuracy into account. Besides, the components and parameters in the FCPS such as PI
parameters in the controller also affect the output current accuracy and stability, thus needing to be
considered together.

Current Command

DC BUS
1 COM LM VDCBus  Vab Vab
Signall PWM-40KHz ILM—
—»1 ADC LM L) Signal Duty Duty
PI_Controller PWM Driving Module SSA model of FPCS
ADC Module Signal Acquisition Module
-ADC -MEA ;
Ly Lim lim
I ADC LM I MEA LM I MEA LM 4 1 LM
SHUNT

Figure 6. Simulation block diagram in MATLAB/SIMULINK.

Table 4 shows the performances of different bits of ADC module for the accuracy and stability
of the designed FCPS at rated output current 10 A where mean, standard, min and max denote the
mean, standard deviation, minimum and maximum values of the output current, respectively and
the mean error indicates mean error value of output current. In table 4, it can be observed that the
16, 18 and 20-bit ADC modules can meet the accuracy requirement of the mean error of output
current being lower than 10 ppm (100 uA) at 10 A. Comparing table 4 with tables 2 and 3, it can also
be seen that the 16-bit ADC module has larger round-off error; however, the mean error obtained
from the simulations is less than 10 ppm. Meanwhile, the 18-bit ADC module has about 4 times
larger round-off error than that of the 20-bit ADC module; however, the simulated mean errors for



Table 1. Circuit parameters used in the designed FCPS.

Lpi/Ly> 200 uH

rofrop 10 mQ
Cy 1.23 uF
rcr 10 mQ
DS 10.8 mQ
Ry 0.395 mQ
Ly 22.29 mH
RSH 100 mQ
£ 40kHz
Vbe 50V

f5 is the switching frequency for MOSFETSs operated at high

frequency.

Table 2. Maximum round-off errors for different ADC modules.

Bits of ADC Module | Resolution (+12 V)
12 5859.375uV
14 1464.843 uV
16 366.210uV
18 91.552uV
20 22.888uV

Table 3. Digital values and error at the output current 10 A.

Bits of ADC Input Digital Floating Round-off
Module Value (V) | Value (Int) Value (V) Error (V)
12 Bits 10 3755 10.001953125 | 0.001953125
14 Bits 10 15019 10.000488281 | 0.000488281
16 Bits 10 60075 10.000122070 | 0.000122070
18 Bits 10 240299 10.000030517 | 0.000030517
20 Bits 10 961195 10.000007629 | 0.000007629

the 18 and 20-bit ADC modules are close. The computational performance of controller and PI
parameters used in the controller may be the main reasons resulting in the differences. Figures 7-9
illustrate the simulated output current spectra for the 16, 18 and 20-bit ADC modules, respectively.
From figures 7-9, it can be seen that the output current errors for the 16, 18 and 20-bit ADC module
from 0 Hz to 1.6 kHz are lower than 10 ppm. Since the performance of the 18-bit ADC module is
close to the 20-bit ADC module, the 18-bit ADC module is selected and used in the designed FCPS.
Figure 10 shows the realized FCPS prototype using the 18-bit TI ADS8382. Figure 11 illustrates
the measured output current spectrum from OHz to 1.6 kHz. From figure 11, it can be seen that the
output current error of realized FCPS prototype is far less than 10 ppm; therefore, the effectiveness
of the proposed rigorous mathematical modelling for the FCPS can be proved.



Table 4. Performance of different bit numbers of ADC module for the accuracy and stability of the

proposed FCPS.
20 Bits 18 Bits 16 Bits 14 Bits 12 Bits
Mean 9.999976206 | 9.99996503 | 9.99992035 | 9.99974159 | 9.9990266
Standard Deviation | 0.0000398 0.00004016 | 0.00004167 | 0.0000467 | 0.0000671
Min 9.999908232 | 9.99989651 | 9.999849247 | 9.99966178 | 9.99891212
Max 10.00004418 | 10.00003356 | 9.999991444 | 9.99982140 | 9.99914117
Mean 23.79uA 34.97uA 79.65uA 258 uA 973uA
Error (<10 ppm) (<10 ppm) (<10 ppm) (>10ppm) | (>10 ppm)
LM
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0
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Figure 7. Output current spectrum for the 16-bit ADC.
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5 Conclusions

The effectiveness of the FOFB greatly depends on the output performance of FCPSs. A rigorous
mathematical modelling is very useful to shorten design time and improve design performance
of a FCPS and therefore enhance the stability of beam orbit. By using the state-space averaging
method, a rigorous mathematical modelling of the full-bridge FCPS in the FOFB of TPS was
derived in this paper. The MATLAB/SIMULINK software was used to construct the proposed
mathematical modelling and to conduct the simulations of the designed FCPS. The influence of
different resolutions of ADC on the output accuracy of the FCPS was investigated. Simulation
results showed that the proposed mathematical modelling is helpful for selecting the appropriate
components to meet the accuracy requirements of the FCPS. Other optimal design issues such
as the selection of circuit components, the adjustment of controller parameters, the influence of
uncertainties in the current/voltage sensors and circuit components on the stability of FCPS and so
on will be investigated in the future research.
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