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ABSTRACT
In this paper, the analysis and design of voltage feedback loop for phase-shifted full-bridge series resonant converter
are presented. The effect of input ripple of dc-dc converter at output ripple is also presented. In order to achieve
low ripple, proper structure of feedback controllers and output filter are identified. The effect of output capacitor
value on output ripple voltage of closed loop system is also presented
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I.  INTRODUCTION

Switch mode power supply (SMPS) has wide application and has replaced the linear power supply because of its
high performance parameters like high efficiency, small size. SMPS have become an important part of modern
electronic systems. The operational success or failure of these modern devices is strongly dependent on a quality of
the voltage provided by their power supplies. SMPS have been used in high-energy physics research laboratories
and medical institution for particle beam excitation and control [1]. In certain applications (loads), ripple factor (or
peak to peak ripple voltage) at the output of SMPS needs to be reduced to minimum possible. Such requirement
demands optimization of power supply control loop which is load specific. One such example is copper vapor laser
(CVL) which is a nonlinear load and that needs very low ripple power supplies to obtain low jitter. The major
difficulty facing switch mode power supplies for such application is the large harmonics generated high-frequency
switching modulation. Therefore, choosing a proper feedback control loop for good harmonic reduction as well as
fast dynamic response becomes an important design issue [1]-[3]. The objectives of SMPS feedback control design
are to yield the output voltage that is stable and well regulated, and responds sensibly fast to disturbances such as a
sudden load change [2]-[7].

In the past decades, modelling of SMPS power stages has been a subject of research with the results leading to
transfer functions that accurately model small-signal behaviour of the circuits [2]. In [8-10] the small-signal
equivalent circuit modelling of full-bridge series resonant converter based on the extended describing function

concept and generalized state space averaging concept has been reported. The use of these transfer function is
primarily in feedback compensation design to give a power supply desired performance.

Il.  SELECTION OF INPUT FILTER

In this paper phase-shifted full-bridge series resonant switch mode power supply shown in figure 1 is studied.
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Figure 1:Phase-shifted full-bridge series resonant SMPS

In figure 1 an input filter (Li-Ci) is used to block the switching current from flowing back to the AC source and to
reduce input harmonics and disturbances. The filter at the output is design primarily for reducing switching
harmonics. It can be noted from figure 1 that load voltage or voltage ripple levels are affected by input source
harmonics (Low-order) from the diode bridge conversion, switching harmonics (high-order) from high frequency
pulse width modulation, and possible AC line fluctuation [1]-[3].

To get low output ripple, the input harmonics (peak to peak ripple voltage) at the series resonant converter input
should be minimum. Since the output of 3-phase rectifier contains considerable amount of peak to peak ripple, hence
it cannot be applied to series resonant converter directly. Therefore, a proper L-C filter is used to reduce the peak to
peak ripple voltage. The value of Li and Ci as shown in figure 1 is selected so that it reduces the peak to peak ripple
about 1% [2]-[7].

I11.  SELECTION OF FEEDBACK CONTROLLER

From the control system point of view, SMPS are a voltage regulator, consisting of a plant, Gp(s), which includes
power circuit and PWM modulator, and a controller, Ge(s), as shown in figure 2. The transfer function of Gp(s) is
known from the chosen topology, while the transfer function of Gc(s) is dependent on the compensation circuit
configuration used. Thegiven Gp(s), Ge(s) should be designed to yield the open-loop transfer function, Gp(s)Gce(s)
for following characteristics:

1) A gain at low frequencies should be high. This is required for good output voltage regulation.

2) A gain crossover frequency, feshould be high. This indicates the increase in system bandwidth, which is

required for fast output voltage response.
3) A phase margin should be more than 45° to ensure an adequate stability margin [1]-[3].
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Figure 2: A control block diagram of SMPS

The most commonly used controller in SMPS to achieve above mention characteristics is Pl controller [1]-[3].
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IV. SELECTION OF OUTPUT FILTER

In the phase shifted series resonant converter, the output rectifier is driven by the nearly sinusoidal tank output
current. A large capacitor is placed at the dc output, so that the output voltage contains negligible harmonics of the
switching frequency.

V. SIMULATION RESULTS
The small signal model of the resonant converter are used to calculate the open loop gain and closed loop gain. This
model is exemplified with illustrative calculation in this section for a converter whose parameters are listed in table
1.

Table 1: Parameters of converter for illustrative calculations

Parameters Values Parameters Values
DC input 560 Duty ratio (D) 0.2-0.9
Transformer 1:1 Output filter 0.7 mH
turns ratio capacitance (Co)
Resonant 17.8 Load resistance 22Q
frequency (fr) kHz. (R
Switching 22 kHz. Output DC (340-
frequency(fs) voltage (Vo) 550) V
Resonant 100 pH | Output DC current 20A
inductance (Lr) (lo) (max.)
Resonant 0.8 uF Voltage divider 1:73
capacitance (Cr) ratio

MATLAB is used for the calculation of the transfer function with the parameter given in table 1.
e Calculate Gp(s)

e Calculate Ge(s)

e Calculate H(s)

The open loop transfer function of series resonant power circuit (Gp) of prototype SMPS is calculated using
MATLAB is given below
6.(s) 2.57x10%s3 + 2.44x10's? + 0.81x10%s + 0.59x10%°
S) =
p

s+ 1.32x10%s* + 6.32x101053 + 4.17x10%° 52 + 4.4x10%%s + 3.2x1022

)

PI controller is most commonly used in SMPS, in frequency domain the transfer function of Pl controller for
following valuesR; = 8.2 kQ, R, = 91 kQ, C = 0.1 YF is given by

Ve(s) _ 149.1x10 35
Ge(s) = Veis) 11( 9.1x10 735 ) ©)
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The output of power circuit is high voltage (370 V DC) as compare to the control circuit elements operating range,
hence the output is attenuated using potential divider network. The transfer function of attenuator using the value
listed in table 1 is given by:

H(s) =
(4)
Simulation of closed-loop system response
The close loop transfer function is given by equation 5
G(s)H(s) = G,(s)G.(s)H(s) ®)

The value of the different transfer functions obtained in equations 2 to 4 are substituted in equation 5, the close loop
transfer function G (s)H(s)for series resonant converteris obtained using MATLAB and is given by equation 6.
3.21x10%s* + 3.05x10%s3 + 1.02x10%°s? + 7.32x10%°s + 8.03x1022
G(s)H(s) =

82x107556 + 108.2s5 + 5.18x107s* + 3.42x10'2s3 + 3.63x1016s2 + 2.62x10'%s
(6)

The close loop response of series resonant converter is shown in figure 3. The close loop GM and PM of the system
is 30.5 dB and 40.4° respectively. Simulation shows that system is stable and has bandwidth of ~ 2.23 kHz which is
sufficient for fast output voltage response ,but the PM of system is 40.4° which is not enough for a stable system,
Phase margin should be more than 45° to ensure an adequate stability margin.

System: GH

0 ‘GainMargin {dB): 30.5
Atfrequency (Hz): 1.29+004
20 Closed loop stable? Yes

Magnitude (dB)
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Closed loop stable? Yes

Phase (deg)

Y Ll T T R R
0 u W jig i) 0 o
Frequency (Hz)

Figure 3: Closed loop response of series resonant converter

Effect of output capacitor on closed-loop response
The effect of output capacitor on GM, PM and bandwidth (BW) is simulated in MATLAB for three different values
and tabulated in table 2 for the fixed value of controller gain i.e. R; = 8.2 kQandR, = 91 kQ.
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Table 2: GM, PM and BW for different values of Co.
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Coin (mF) GMindB PM in Degrees BW in kHz.
Co=0.7 30 40° 2.23
Co=13 36 53° 1.45
Co=25 41 67° 0.85

The simulated data shown in figure 4 shows that as the value of Co is increased from 0.7 mF to 2.5 mF, the GM is
increased from 30 dB to 41 dB, PM is increased from 40° to 67°, but bandwidth of the system decreased from 2.23
kHz to 0.85 kHz
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Figure 4: Closed loop response for Co = 0.7 mF, 1.3 mF and 2.5 mF
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Effect of controller gain on closed-loop response

Bandwidth of the system is decreased to 850 Hz asthe output capacitance increased to 2.5 mF. To see the effect of
variation in controller gain the feedback loop is modified for fixed value of output capacitor 2.5 mF and controller
resistor R; = 8.2 kQ . The controller gain is charged by charging the value of R,resistor only.

Table 3: GM, PM and BW for different values of R2.

Pl controller R, GMin dB PM in Degrees BW in kHz.
value in kQ
R,=91 41 67° 0.85
R,=180 35.6 52° 1.47
R,= 47 47 76° 0.46

The simulated data shown in figure 5 shows that as the value of R, is increased from 91 kQ (gain ~11) to 180 kQ
(gain ~22), the GM s decreased from 41 dB to 35.6 dB, PM is decreased from 67° to 52°, but bandwidth of the
system is increased from 0.85 kHz to 1.47 kHz. If the value of R, is decreased to 47 kQ (gain ~ 5.7), the GM is
increased to 47 dB, PM increased to 76° but the bandwidth decreased to 0.46 kHz.Therefore, a trade-off between
stability (GM &PM) and fast response (BW) has to be made. The value of parameters is so selected that GM and
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PM are about 30 dB and 45° respectively and the bandwidth of the system is about 10% of switching frequency (f;)
i.e. ~2 kHz in my case (f, = 22 kHz). Hence the value of R,= 180 kQ is good option when Co= 2.5 mF is selected.
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Figure 5: Closed loop response for different controller gain

VI. EFFECT ON OUTPUT RIPPLE VOLTAGE

The output ripple voltage for given prototype SMPS (parameters mention in table 1) at pulsed load (copper vapor
LASER) are measured and tabulated in table 4 and table 5 for output capacitor value 0.7 mF and 2.5 mF
respectively. The peak to peak output ripple was ~0.5 % initially (Co = 0.7 mF) which is reduced to ~0.2 % when
the output capacitor value increased to 2.5 mF.

Table 4: output ripple (P-P) and % output ripple (P-P) .at Co=0.7 mF
SMPS DC Output ripple % Output ripple

voltage (V) voltage (P-P) voltage (P-P)
V)
340 1.33 0.39
350 1.44 0.41
360 1.58 0.44
370 1.70 0.46
380 1.79 0.47

Table 5: output ripple (P-P) and % output ripple (P-P) .at Co=2.5 mF
SMPS DC Output ripple % Output ripple

voltage (V) voltage (P-P) voltage (P-P)
V)
340 0.61 0.18
350 0.63 0.18
360 0.65 0.18
370 0.67 0.18
380 0.68 0.18
e 62
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VII.  RESULTS AND CONCLUSION

The studies were carried out to reduce theoutput ripple voltage (peak to peak) to ~ 0.2 %. When the Phase-Shifted
Full Bridge Series Resonant SMPS is tested at pulsed load (high voltage pulse power supply driving CVL), it was
observed that the peak to peak output ripple voltage is 0.5 % when output capacitor value is 0.7 mf, which is not
suitable for copper vapor LASER (CVL) to operate in master oscillator power amplifier (MOPA) chain. The effect
of output capacitance and Pl controller gain on system response is simulated using MATLAB. Simulation shows
that the phase margin of 67°, gain margin of 41 dB and bandwidth of 0.85 kHz for output capacitor filter 2.5 mF, In
order to improve the response time the PI controller gain is modified (Gain 22). The bandwidth of system is
improved from 0.85 kHz to 1.47 kHz.
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