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Abstract. This paper presents a control power supply (CPS) design which is used to feed power to the subsystems of a power converter. The CPS design presented here maintains a constant 24Vdc output even over a wide
(90Vrms to 270Vrms ) ac voltage variation at its input for a High Power Converter (HPC). The circuit design and
closed loop control design of such a CPS are presented. During starting, the power supply to the control circuitry
of the CPS in turn is obtained using a separate start-up power supply. The various design issues and details of
the on-board power supply and start-up power circuit to ensure the reliable start-up and shut down of the CPS
are analyzed. The CPS was tested for wide input voltage range (vin ) and the performance validates the design.
The CPS has also been tested for an input side voltage sag and its performance allows the HPC to meet the low
voltage ride-through requirements.
Keywords. Control power supply; double switch forward converter; start-up power supply; pre-regulator; average current control; peak current control.

1. Introduction
High Power Converters (HPCs) play a key role in microgrids and smart grid technologies, as they are used in power
quality, drive applications and grid connected converters.
For reliable operation, HPC requires robust sub-systems like
gate drive card, protection and delay unit of the converter,
annunciation card and sensing cards. A typical converter
application block diagram is shown in ﬁgure 1, in which
high power converter processes the input ac power with
the help of various sub-systems. These sub-systems need
power at speciﬁed voltage to perform their task. The power
required for these sub-systems is drawn from the CPS, which
in turn is powered by the input ac voltage. The operation
of the sub-systems of a HPC should not be affected by the
variation in the input ac voltage (Vin ) and under transient
voltage sags and swells.
The inability to meet the voltage speciﬁcations of the
sub-systems can result in malfunctioning of the CPS, which
in turn can cause undesirable operation in the HPC [1].
Thus, power to the sub-systems of a HPC, using CPS
plays a critical role in the overall operation of a HPC.
References such as Ravi & John [2] reports work on ride
through during momentary blackouts for various sub-sytems
of HPC. Although references such as Kelley et al [3]
and Sarmiento & Estrada [1] report work on Low Voltage
∗
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Ride-Through (LVRT) in solar and wind applications, no
work has been reported on LVRT of various sub-systems of
a HPC. In this paper, a CPS with wide input voltage variation (90Vrms to 270Vrms ) is designed which provides LVRT
for various sub-systems of a HPC.
The performance of these HPC sub-systems also depends
on the reliable start-up and shut down of the CPS. The operational relation of HPC, CPS and start-up circuit of the CPS
is as shown in ﬁgure 1. Xu & Yifan [4] compares various
start-up power circuit topologies for different voltage levels. In this paper, a simple, modiﬁed version of the start-up
circuit proposed in Xu & Yifan [4] is considered. The number of circuit components of the start-up circuit proposed in
this paper is comparatively low because features such as the
auto-restart are not necessary in the CPS of a HPC [4]. The
paper also analyzes the working of the start-up power circuit
during shut-down period. The various design issues of the
gate drive circuits and on-board power supply which powers
the control circuit of the CPS during steady operating state
are also discussed in this paper.
The organization of the paper is as follows: The voltage
and power speciﬁcations of the CPS designed are provided
in section 2. The topology and design of pre-regulator, isolated dc–dc converter, start-up power circuit and on-board
power supply are discussed in section 3. The control system design for pre-regulator and isolated dc–dc converter is
discussed in section 4. The experimental results on the CPS
under various loading and line voltage conditions as well as
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Figure 1. Typical block diagram of CPS feeding the high power
converter (HPC) subsystems.

under transient conditions such as input voltage sag as per
design are discussed in section 5. Section 5 also discusses
the evaluation of start-up and shut down operations of the
CPS. The experimental results in section 5 show that measured performance matches the requirements used for the
CPS design.

2. Speciﬁcations of the CPS
The required characteristics of a CPS are that it should:
(1) be reliable and inexpensive, (2) have tight line and load
regulation, (3) have good dynamic performance, (4) have
isolation with capability of rejection of input disturbance

in the output, and (5) have high efﬁciency [5]. The CPS
considered in this paper consists of two stages – the preregulator stage and an isolated dc–dc converter stage. The
region inside dashed line in ﬁgure 2 shows the conﬁguration
of the CPS considered for a 3φ-HPC rated at 250kVA, 415V,
50Hz, switching at fsw =10kHz [6].
Table 1 shows the power consumed by various inverter
control cards based on measurements made in the laboratory. The CPS designed for this HPC supplies 200W power
at 24Vdc to not only cater to control sub-systems’ power
requirements for two parallelly operating HPCs, but also
to provide power to charge an ultracapacitor based energy
storage system [2, 7]. The pre-regulator stage is designed
for 300W input power so as to allocate 250W at Vdc =
400V for output stage and 50W for losses of system assuming ηpre = 83.33%. The isolated dc–dc converter stage
is designed for 250W input power so as to allocate 200W
at 24Vdc for output power and 50W for losses of system
assuming ηdsf c = 80%.
It is preferred that the input to the CPS be ac rather
than from a source such as the dc bus of a HPC. This is
because the working of the afore-mentioned subsystems of
a HPC (such as protection and dead time generation circuit) is essential during the process of energizing the dc
bus of HPC. This would not be possible if the input to the
CPS is obtained from the dc bus of the HPC. The CPS
circuit design and closed loop control design discussed in
sections 3 and 4 achieve the above-mentioned desired characteristics which is veriﬁed using the experimental results in
section 5.

Figure 2. Schematic structure of a control power supply used in a HPC.
Table 1. Power consumed by the 250 kVA high power converter control cards.
Inverter card
Annunciation card
Voltage sensing cards (ac + dc)
Current sensing cards (4 channels)
Protection, delay and timing card
DSP card
Gate drive cards (6 channels)
Total power

+15V
0.052
0.238
0.736
0.122
0.1
3

Currents drawn (A)
−15V

5V

0.005
0.033
0.066
0.1

0.504
1.5

Power (W)
1.71
8.13
11.04
10.64
10
45
78
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3.1a Loss calculation of pre-regulator: The design
values and part numbers of the various components of
the pre-regulator and their corresponding losses are calculated for worst case operating conditions which is shown in
table 2. The total losses in pre-regulator is around 30W for
Pin = 300W at low input voltage of vin = 90Vac making
the worst case efﬁciency of pre-regulator, ηpre = 90%.

3.2 Isolated DC–DC converter circuit design
Figure 3. Circuit diagram of pre-regulator stage used.

3. CPS power circuit design
This section presents the topology and hardware design for
pre-regulator and isolated dc–dc converter which includes
component selection, loss calculations which is required for
CPS power circuit board design.

3.1 Design of pre-regulator power circuit
The pre-regulator stage circuit considered in CPS is as
shown in ﬁgure 3. This stage provides rectiﬁcation, as dc
required to use in next power stage of CPS from available
ac. A boost converter is used in pre-regulator stage to provide a regulated Vint of 400Vdc for wide range of input
voltage vin (90Vrms to 270Vrms ). The output voltage of the
pre-regulator stage is chosen to be 400Vdc , so as to keep
Vint > |vin_max (peak)|. Also, a boost converter ensures
continuous input current which requires less ﬁltering [8]. By
controlling the duty cycle of switch, Sb , inductor current
can be shaped as rectiﬁed sine wave and output capacitor voltage can be regulated. The switching frequency of
switch, Sb is chosen to be 100kHz. The other design details
of the pre-regulator circuit are provided in the reference [9].
The gate-drive circuit for boost converter switch, Sb of preregulator circuit is as shown in ﬁgure 4. A gate resistance
based drive of 15 during turn on and 10 during turn off
is chosen, which gets PWM from control IC UC3854 of the
pre-regulator. A RCD turn off snubber circuit as shown in
ﬁgure 4 is used to limit dV
dt across switch during turn off
period. The part numbers of various components used in
boost gate drive circuit are tabulated in Appendix I(a).

For isolated dc–dc converter, a Double Switch Forward Converter (DSFC) is chosen which is shown in ﬁgure 5. Both
switches, S1 and S2 get the same PWM signals switching at a
fsw of 120kHz. DSFC is chosen for isolated dc–dc converter
stage because it exhibits the following advantages: (1) simple transformer design, (2) device voltage rating is the same
as the dc bus voltage, (3) simple dynamic model and closed
loop control, (4) clamp diodes recovers magnetizing energy
in the core avoiding a separate demagnetizing winding, (5)
output ﬁlter requirement is low, and (6) better utilization of
winding copper. In contrast to the pre-regulator’s simple gate
drive circuit, a transformer based gate drive circuit is used in
the DSFC as a high side drive to drive switch S1 is required
is as shown in ﬁgure 6. Due to the DSFC operation at high
switching frequency and duty ratio being limited to 50%,
the gate drive circuit’s transformer Xt1 ’s design is simple.
It consists of a forward converter utilizing a HF transformer
Xt1 with reset winding and two secondary windings. The
transformer’s primary is driven by transistor Q1 , as shown in
ﬁgure 6. Rb_q1 provides steady state base current, while C1
and R1 are used to provide signal conditioning during turn
on and off of Q1 . A gate resistance of 12 is used during
turn on, while PNP based turn off circuit is used. The part
numbers of various components used in DSFC gate drive
circuit are tabulated in Appendix I(c).

3.2a Loss calculation of DSFC: Table 3 tabulates the
component values/part-numbers of the various components
and their corresponding losses at rated input power of DSFC
at 250W and input voltage of 400Vdc . The total loss in
DSFC under these conditions is found to be around 15W
with efﬁciency, ηdsf c = 94.3%. The loss calculation details
of the pre-regulator and the DSFC provided in the table 2
and table 3 play a crucial role in the electrical layout and
thermal design of the power circuit board consisting of the
pre-regulator and the DSFC, which is shown in ﬁgure 19(b).

3.3 On board power supply and start-up circuit

Figure 4. Gate drive circuit and snubber circuit of the boost preregulator stage.

For the closed loop operation of the pre-regulator and isolated dc–dc converter during normal operating conditions,
on board power supply (OBPS) is essential. Also during the
starting conditions, when OBPS is inactive, a start-up circuit
is necessary. In this subsection, the role of start-up power circuit as well as on-board power supply (OBPS) is discussed.
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Table 2. Loss tabulation of the pre-regulator.
Device

Loss type

Parameters

Loss calculation

Loss

Rectiﬁer diodeSK3GL10

Conduction
Conduction

4 ∗ (Vf 1 ∗ iav1
2
+rd ∗ irms1
)

5.8W

Inductor, Lb -1mH

Vf 1 = 0.85V, rd =30m,
iav1 =1.5A, irms1 = 2.4A

Boost diode,
Db -MU R860

Conduction
Reverse
recovery

Vf 3 ∗ iav3
(Qrr ∗ Vr /2) ∗ fsw

1.125W
3.9W

Boost switch,
Sb -I RF 840

Switching

Vf 3 =1.5V, iav3 =0.75A
Qrr =195nC, Vr =400V,
fsw =100kHz

(2/π ) ∗ [(tr + tf )
∗Vb ∗ ipeak ]/Ts
2
Rd_on ∗ irms4

7.8W

Conduction
Capacitor,

Conduction

tr =35ns, tf =30ns, Ts = 10µs,
Vb =400V, ipeak = 4.7A
Rd_on = 0.85, irms4 =2.44A
ESR120Hz = 0.84,

ESR<50kHz = 0.37,
irms_100Hz =0.53A,
irms_100kHz =1.46A

Cint -235µF

Sensing resistor,
Rsens

RLb = 0.22, irms2 =3.3A

Conduction

Rsens = 0.2

2
RLb ∗ irms2

2
(ESR120Hz ∗ irms_100Hz
)

2
+(ESR<50kHz ∗ irms_100kHz
)

3.32 ∗ 0.2

2.4W

5.06W
1.0W

2.2W

3.3a Circuit operation during start-up: In ﬁgure 7,

Figure 5. Circuit diagram of double switch forward converter
with ﬂy-back winding for onboard power supply used in the CPS.

The start-up power supply presented here is simple with linear elements. The on-board power supply is more efﬁcient
since it utilizes switched mode circuits. The start-up power
supply designed provides appropriate Vcon for entire 90Vac
to 270Vac input.

start-up power circuit implemented for CPS is shown. It
should be noted that the control ICs in ﬁgure 7 refers to
UC3854, UC3844 and UC3901 and UC3844 datasheets [10].
During startup, the output voltage
√ of pre-regulator circuit
(Vint ) would be charged to Vin 2. This is because, neither
the pre-regulator nor the isolated dc–dc converter works during the start-up, since there is no power to the control circuit
of the CPS. It should also be noted that, the power to the control circuit of the entire CPS is generated from Vobps which
is obtained from a tertiary winding of the high frequency
transformer of DSFC Xt2 as shown in ﬁgure 6. Hence a
surge diode (D5 ) as shown in ﬁgure 3 is√used, which charges
the Cint during start-up period to Vin 2, without Lb -Cint
resonant overshoot. Once both the ICs (UC3844 and UC3854)
start working based on Vint due to start-up circuit operation,
the closed
√ loop control of Vint begins and Cint is charged
from Vin 2 to 400V (Vref ) and is regulated at that voltage.

Figure 6. Gate drive circuit, snubber and on-board power supply in DSFC.
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Table 3. Loss tabulation of power devices in DSFC.
Device

Loss type

Parameters

Loss calculation

Loss

MOSFETs,
I RF 840

Switching

[(1/2){(tr5 + tf 5 )
∗Vb ∗ imax }/Ts5 ] ∗ 2
2
(Rd_on6 ∗ irms6
)∗2
Vd7 ∗ iav7

5.44W

Conduction
Conduction

tr5 =35ns, tf 5 =30ns Ts5 = 8.3µs,
Vb =400V, imax =1.8A
Rd_on6 = 0.85, irms6 =1.1A
Vd7 =0.7V, iav7 =3.75A

Conduction

Vd8 =0.7V, iav8 =6.67A

Vd8 ∗ iav8

Conduction

RL0 = 0.01, irms9 =10.4277A

2
irms9
*RL0
, where

Diode D1,
MBR202 − 00CT
(Secondary)
Diode D2,
MBR202 − 00CT
(Secondary)
Inductor,Lo -80µH

irms9 =

3.27W

Po2
Vo2

N
Vg [ N2
1

Capacitor,Co -1320µF

Conduction

Rc0 =77m, irms10 =0.46A

H-F transformer

Primary

Rp = 0.12, irms11 =1.04A

Secondary

Rs =5.2m, irms12 =6.25A

In the absence of power from the on-board power supply
during starting, voltage at Cap is built by charging of Cap
through high voltage, Vint with resistance, Rst_lmt to limit
the current as seen from ﬁgure 7. MOSFET, Sst is turned on
initially by providing biasing voltage through Rsb1 and Rsb2 .
A zener diode, Z1 across Cap is used to clip the voltage,
Vcon . After on-board power supply is available, MOSFET,
Sst is turned off by turning on switch, Qsoff , which will
make gate-source voltage across Sst negative. The turningoff of Sst is necessary because, it would otherwise result in
increased loss in resistance Rst_lmt . Qsoff is turned on by
using on-board power supply as biasing voltage. Resistance,
Rr is used to reduce voltage Vrelay to 12V from partially
regulated voltage, Vobps .

3.3b Design of start-up power circuit: The power to
control ICs of pre-regulator, isolated dc–dc converter and
relay (UC3854 and UC3844) during starting period is taken

2.19W
2.63W

+

a2
3 ,

1.09W
and

]−Vo

a = ( 2Lo ) ∗ dTs
2
irms10
*Rc0 , where
irms10 = a3
2
*Rp , where
irms11
√
N2
irms11 = PVoo N
d
1
2
irms12
*Rs , where
√
irms12 = PVoo d

0.016W
0.130W
0.201W

care by start-up power circuit which is as shown in ﬁgure 7.
For supplying power to control ICs under steady operating
conditions, an on-board power supply is built, which uses a
tertiary winding to the HF transformer of isolated dc–dc converter connected in ﬂy-back mode as shown in ﬁgure 6. The
output voltage of an on-board power supply under normal
rated operating conditions is given as
Vobps =

N3 d
Vint .
N1 1 − d

(1)

It should also be noted that the closed loop control has been
done for forward converter operation such that Vo is 24V for
Vint of 400Vdc at d=0.36. The transformer design for such a
mixed ﬂy-back, forward mode operations is done such that,
during the on period of switches (S1 and S2 ) the HF transformer Xt2 works for forward converter whereas during the
switches’ turn off period, ﬂy-back operation is performed
between primary and tertiary windings (refer ﬁgure 5). The

Figure 7. Schematic diagram of start-up power circuit of the CPS.
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design of the tertiary winding of the HF transformer is done
such that under no-load conditions, when Vint is 400Vdc ,
the OBPS voltage Vobps is 30V . Under these conditions,
when primary winding turns N1 are 54, the tertiary winding
turns N3 are 4. Based on these design criteria, diode Dobps
is selected as MU R110 with voltage rating of 100V and
current rating of 1A and Cobps is selected as 22µF. Control
ICs (UC3854 and UC3844) and gate drive circuit requires
around 70mA. While isolated dc–dc converter control IC
UC3844’s turn on voltage is 16V from off condition, the turn
off voltage from on condition is 10V . Hence, the capacitor
Cap is chosen based on (2).
Cap =

2Pcon tstarting
(Vi2 − Vf2 )

,

(2)

where Pcon is the control IC power, tstarting is the time
from system starting up to on-board power supply becoming active which is around 20ms, Vi is turn on voltage of
IC from off condition (16.8V ) and Vf is IC turn off voltage (10.5V ) (UC3844 datasheet). Using (2), Cap is chosen
as 420µF . Rst_lmt is selected as 4.7k, which will require
around 0.35s for Vcon to rise from 0V to 16V during starting
at low line voltage of Vin = 90Vrms . Also, Rsb1 is selected
as 1.5M. For VRsb2 to be 3.5V at Vint = 120V (low line),
it is required for Rsb2 to be around 42k. At input high
line voltage Vin = 265Vrms , VRsb2 is found to be around
14V . Also, Rbe_off is chosen to be 10k. For VRbe_off to be
around 0.6V at Vobps of 10V , it is required for Rb_off to
be 180k. While, MOSFET I RF 820 is selected as switch
Sst having a voltage rating of 500V and continuous current
rating of 2.5A, BJT 2n2222 is selected as switch Qsoff having a voltage rating of 40V and maximum current rating of
800mA.
During start up conditions, the circuit is prone to high
inrush currents. In order to limit these high in-rush currents,
resistance, Rcurr_lmt is employed. But once the circuit transits into normal operating state, this resistance has to be
bypassed in order to prevent the losses. Hence, a relay is
used in parallel to the resistance Rcurr_lmt such that based
on Vrelay shown in ﬁgure 7, Rcurr_lmt is bypassed. During normal operating conditions, control voltage Vcon is also
maintained by on-board power supply (Vobps ) using zener
based regulated supply. Appendix I(b) summarizes values of
various components used in start-up power circuit of CPS.
Overall, the entire starting procedure can be summarized
based on the following sequence:
• After energizing
the circuit, the Vint is initially charged
√
to Vin 2 through diode, D5.
• The start-up power circuit based on Vint charges Cap
through Rst_lmt . When Vcon charges beyond ICs’ turn
on threshold voltage (16V for UC3854 and 16.5V for
UC3844), DSFC starts working.
• With DSFC working, Vobps turns off the start-up circuit
using BJT, Qsoff .

• The presence of Vobps results in relay closure, since
Vrelay is dependent on Vobps . Also Vobps starts supplying required power to all control ICs.
• Once both the ICs start
√ functioning, the Vint also starts
charging from Vint 2 to Vref = 400V . Hence, the
circuit transits into normal operating state.
The role of startup circuit and OBPS discussed in subsections 3.3a and 3.3b is veriﬁed using experimental results in
section 5.

4. Control system design for the CPS
This section discusses the various design issues encountered
in the corresponding closed loop controls of pre-regulator
and isolated dc–dc converters. While the pre-regulator’s
closed loop control maintains UPF operation and regulates
voltage Vint at 400Vdc , the isolated dc–dc converter’s closed
loop control regulates output voltage Vo at 24V .

4.1 Control design for pre-regulator circuit
A dedicated IC UC3854AN and UC3844 datasheets [10]
from Texas Instruments has been chosen for UPF rectiﬁer control. It uses average current mode control (UC3844
datasheet) in the inner current control loop and an outer
output voltage control loop as shown in ﬁgure 8 [11]. The
rectiﬁed sinusoidal current reference is generated using a
multiplier which has three inputs. They are: (1) the bridge
rectiﬁer’s output voltage, (2) the output voltage error, and
(3) a feed forward term, which are shown as x, y and z
in ﬁgure 8, respectively. The input z is proportional to the
RMS value of input voltage, and is obtained by passing the
rectiﬁed input voltage through a low pass ﬁlter.
In the absence of the feed forward term, any change in
input voltage gets reﬂected in the current reference, making input current to change by the same ratio as to the

Figure 8. Control structure of the UPF rectiﬁer.
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(a)

(b)

Figure 9. Control loop models of average current controlled UPF rectiﬁer: (a) Current loop model (b) Voltage loop model.

input voltage, which makes input power change by square
to the change of input voltage. This generates power imbalance between input and output, resulting in output voltage
transients. This issue is resolved by dividing the current reference by square of the RMS value of input voltage reducing
the input current by same ratio. This results in unchanged
input power, which generates no output voltage transient
because of the input voltage change. The corresponding current and voltage control loop is represented in ﬁgure 9,
where Vosc is peak-peak value of PWM carrier and equal
to 5.5V in selected PWM IC UC3854. The control transfer
function of inductor current to duty cycle for average mode
control is given as [11]:


îL (s)
Vint
2 + sCR
, (3)
=
R(1 − Ds )2 1 + s Le + s2 Le Co
d̂s (s)
R

Lb
where Le = (1−D
2 . On substituting the circuit parameters
s)
provided in table 2 in (3), we have


2 + 0.125s
(4)
.
= 0.75
1 + 1.876 ∗ 10−6 s + 0.235 ∗ 10−6 s2
d̂s (s)
îL (s)



In ﬁgure 9(a), Hi (s) which is a current controller is chosen as Proportional Integral (PI) controller. The zero of the
numerator polynomial is kept at √L1 C rad/s. The corree o
sponding current controller bandwidth is tuned for 15kHz.
A high frequency pole is added in Hi (s) so as to attenuate
the noise. Hence, Hi (s) is selected as


s
1.4 1 + 2π340
1
.

Hi (s) =
(5)
s
s
1
+
2π340
2π100e3

Bode plots of G1 (s) and G1 (s)Hi (s) are shown in ﬁgure 10.
The pre-regulator voltage transfer function is given as [5]:
v̂int (s)
Kac Rmo R(1 − Ds )
.
=
2
o
v̂vea (s)
2Vint Rs Kff
1 + s RC
2
On substituting design values in (6), we have
v̂int (s)
51
=
.
v̂vea (s)
1 + 0.0625s

Hv (s) =

s
0.282 1 + 2π2.72
.
s
s
1 + 2π27.2
2π2.72

4.2 Control design for isolated dc–dc converter
For the closed loop operation, IC UC3844 which uses peak
current control in inner current loop and output voltage in
outer voltage loop is utilized (UC3844 datasheet). The peak
current control exhibits faster dynamic response and simple
control implementation due to absence of inductor current as

Magnitude (dB)

0
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m
m

0
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0
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The bode plots of G2 (s) and G2 (s)Hv (s) are shown in
ﬁgure 11.

50

10

(7)

In ﬁgure 9(b), the voltage controller Hv (s) is chosen as PI
o
controller. Zero of the PI controller is kept at RC
2 rad/s. A
pole is added near the bandwidth of voltage controller. Bandwidth of voltage controller is kept near at 25Hz so as to
attenuate 100Hz ripple content in Vint . This ensures that the
THD in input current is minimized to 1% of 100Hz component to dc value in output of voltage error ampliﬁer and
this produces 0.5% of 3rd harmonic to fundamental in input
current iin . Hence, Hv (s) is selected as

100
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Figure 10. Bode plot of G1 (s) and G1 (s)Hi (s) corresponding to current loop of pre-regulator.
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Figure 11. Bode plot of G2 (s) and G2 (s)Hv (s) corresponding to voltage loop of pre-regulator.

a state variable in the control loop. This reduces the second
order plant transfer function to ﬁrst order transfer function.
Also, peak current control inherits current limit in its control
structure and when used in buck based converters makes the
output voltage independent of the input voltage variation.
Input voltage variation has small impact on the output
voltage in peak current control, which can be avoided by
proper choice of compensating ramp [12]. Since, the peak
current control is sensitive to noise, current blanking circuit
is used to remove leading edge noise present in system during switching operation. Also slope compensation is added,
which improves noise immunity. IC UC3901 along with a
small toroidal transformer for electrical isolation is used to
provide output voltage to the secondary (UC3844 datasheet).
The IC works on the principle of amplitude modulation
and the information on the secondary of the toroidal transformer is extracted using a peak detector circuit, as shown in
ﬁgure 12(a). The DSFC outer voltage loop is as shown in
ﬁgure 12(b), where Co = 1320µF , Rs = 0.45, Lo =
1
,
80µH, n =6, RESR = 0.06425, RL Co = 2π52

1
1
d
and R
RESR Co = 2π1.9k
Lo = 2π17k . The voltage controller
transfer function Gv (s) is selected as

Gv (s) =

s
700
2π50 + 1
.
 s
s
s 2π1.9k + 1 2π40k
+1

(9)

This gives bandwidth of voltage loop 3.5kHz and phase margin of 68o . Bode plots of G3 (s) and G3 (s)Gv (s) are shown
in ﬁgure 13. The voltage controller Gv (s) is split into Gv1 (s)
in IC UC3901 and Gv2 (s) in IC UC3844 as given in (10)
and (11).
Gv1 (s) =

s
+1
300 2π50

 s
s 2π1.9k + 1

Gv2 (s) = 

2.3
.
+1

s
2π40k

(10)

(11)

The control system design for the closed loop operation of
the CPS provided here is done in such a way that optimised stability and performance is achieved. The dynamic
performance of the CPS so designed is veriﬁed using the
experimental results in section 5.

5. Experimental results

(a)

The pre-regulator and DSFC hardware was experimentally tested for various load and line conditions. At rated
load power (RL ) at DSFC with low line input conditions
of 90Vrms , the combined system performance is given in
ﬁgure 14. Under these conditions, the THD is 12% with
unity power factor and ηe = 84%. The THD in current is
measured using FLUKE Power Analyser.

(b)
Figure 12. Closed loop control structure of DSFC: (a) Schematic
for closed loop control in DSFC; (b) Outer voltage control loop
model of DSFC.

5.1 Performance of pre-regulator
Figure 14 shows the pre-regulator waveforms at Vin =
95Vrms for high and low loads of RL = 2.3 and
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Figure 13. Bode plot of G3 (s) and G3 (s)Gv (s).

(a)

(b)

Figure 14. Complete system performance at low line input voltage condition for (a) Low load condition: [Ch.1: Vo 20V/div., Ch.2: iin
2A/div., Ch.3: Vcon 5V/div., Ch.4: Vint 100V/div., time scale: 10ms/div.] (b) High load condition: [Ch.1: vin 80V/div., Ch.2: iin 5A/div.,
Ch.3: V0 3.80V/div., Ch.4: Vint 56V/div., MATH: Pin 500VA/div., time scale: 10ms/div.].
Table 4. Analytical and measured efﬁciencies, current THD in
pre-regulator.
Parametres
RL = 550, vin = 95Vrms
RL = 1500, vin = 260Vrms

Efﬁciency
Analytical Measured
92.86%
94.55%

90%
93%

T H Di
12%
7.5%

RL = 11.5 at the DSFC respectively. The efﬁciency and
THD of input current in pre-regulator for various load and
line voltage conditions are tabulated in table 4 and are found
to match the design values.
Also, at low grid voltage, cusp distortion increases the
THD in the current. At higher input voltages, efﬁciency
of system improves due to decrease in conduction and
switching losses in the components. Figure 15, shows the
unloading of pre-regulator from 250W to 100W with vin =
230Vrms . The control loop gets Vint back to the steady state
in 28ms, which is close to the designed settling time of
23.5ms. Transient loading or unloading of pre-regulator is
done by increasing or reducing the load at the DSFC.

5.2 Performance of isolated dc–dc converter
Figure 14 also shows the DSFC waveforms at vin = 90Vac
and Vint = 390V for Po = 50W, Po =220W respectively.
Figure 14 also shows that output voltage Vo is regulated at
24Vdc for various load and line conditions. The measured
efﬁciencies of DSFC at different operating conditions are
tabulated in table 5. The measured efﬁciencies are found to
be close to the design based calculations.
Figure 16(a) shows the loading of DSFC from 125W to
250W. It can be observed that the high bandwidth effect of
voltage loop can be seen in the output inductor current as
current reference is generated through voltage loop and iLo
responded to load change within 40µs. Thus, output voltage
has very small transients. Due to the inductance associated
with incoming resistor load, output current rises smoothly.
Figure 16(b) shows the current limiting capability in its control structure of DSFC during overload. It can be observed
that in the case of an overload, DSFC has maximum current limit of 12.5A which causes the output voltage to drop.
Hence any load fault will not cause damage to the CPS.
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were also carried out at 90Vac with higher loads and 265Vac
for lighter loads and results for start-up performance are
found to be satisfactory.

5.3a Performance during starting period: In ﬁgure

Figure 15. Waveform for performance of pre-regulator: Step load
change from 250W to 100W [Ch.1: Vo 10V/div., Ch.2: I2 5A/div.,
Ch.4: Vint 200mV/div., time scale: 10ms/div].

Table 5. Analytical and measured efﬁciency of the DSFC.
Parametres
Po =250W, Vint = 350V
Po =55W, Vint = 400V

Efﬁciency ηe
Analytical
Measured
90.12%
94.64%

88%
92%

5.3 Experimental result of the CPS start-up
power circuit
The performance of the start-up power circuit is presented
in ﬁgure 17 during the starting period for various load and
line conditions. Figure 17(a) and ﬁgure 18(a) readings are
taken during starting period and shut down period for Vin =
90Vac with 50W output load respectively. Figure 17(b) and
ﬁgure 18(b) readings are taken during starting and shut down
periods for Vin = 265Vac with 220W output load. Tests

(a)

17(a) and ﬁgure 17(b), at instant a, when input voltage is
applied, inrush current ﬂows in the circuit to charge the
Vint up to peak value of Vin . These inrush currents are limited by resistance Rcurr_lmt . Vcon starts building by charging
√
through Rst_lmt from Vint , which at starting is at Vin 2. At
instant b, when Vcon reaches to around 16V , pre-regulator
control IC starts and time taken to charge from 0V to 16V
is 350ms, which is as same as the calculated value. It can be
observed that for ﬁgure 17(b), the time taken to charge from
0V to 16V is much lesser, which is generally around 150ms.
Hence this delay will be maximum at low line input condition. At instant c, Vcon reaches to ∼16.5V , at which isolated
dc–dc converter control starts. After instant c, Vcon starts
decreasing due to supplying power to control IC’s. It can be
noted that output voltage charges upto 20V after starting of
DSFC control.
The reason behind that the soft start feature involves in
pre regulator control IC and Vint reaches upto 300V and
soft start nature of Vint can be seen in the output voltage between instant c and instant d. In ﬁgure 17(a), after
instant d under normal operating condition, Vcon is being
supplied through on board power supply. Hence, the experimental results correspond to the design criteria in section
3.3b according to which the design of on board power supply, gate drive circuits and start up circuit of the CPS has
been performed.

5.3b Performance during shut-down period: Figure
18 gives the dynamics of CPS and start-up power circuit during shut-down period for various line and load conditions. At
the instant a, when the shut-down is initiated, the DSFC duty
ratio varies accordingly to maintain the V0 at 24V . During

(b)

Figure 16. Waveforms for performance of DSFC: (a) Step load change from ∼ 125W to ∼ 250W in DSFC [Ch.1: Vo 10V/div.,Ch.2: Io
2A/div., Ch.3: IL0 2A/div., Ch.4: Vint 200V/div., time scale: 2.5ms/div.] (b) During overload [Ch.2: ILo 2A/div., Ch.3: Vo 10V/div., time
scale: 25µs/div.].
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(a)

(b)

Figure 17. Waveforms during starting of pre-regulator and DSFC: (a) Waveforms for 90Vac and 50W load (b) Waveforms for 265Vac
and 220W load. Ch.1: V0 20V/div., Ch.2: iin 5A/div., Ch.3: Vcon 5V/div., Ch.4: Vint 100V/div., time scale 100ms/div.

(a)

(b)

Figure 18. Waveforms during shut down of pre Regulator and DSFC: (a) Waveforms for 90Vac and 50W load. Ch.1: V0 20V/div.,
Ch.2: Iin 2A/div., Ch.3: Vcon 10V/div., Ch.4: Vint 100V/div., time scale 250ms/div. (b) Waveforms for 265Vac and 220W load. Ch.1: V0
20V/div., Ch.2: Iin 2A/div., Ch.3: Vcon 10V/div., Ch.4: Vint 100V/div., time scale 250ms/div.

this period, the Vobps as shown in ﬁgure 6 reduces because
of Vint reduction, resulting in Vcon reduction. Once the Vcon
is below 10V at b, the pre-regulator IC (UC3854) and DSFC
control IC (UC3844) turn off. It should be noted that the
Vint is still a large value (250V ). This results in activation
of start-up power circuit again and charging of Vcon to 16V .
When Vcon charges to 16V , Vobps comes into play, which
results in discharge of Vcon once again. This process continues in cycle until Vint discharges below a point (here instant
e) where start-up power circuit does not re-initiate.

5.4 System performance during input voltage sag
To further verify the CPS’s dynamic performance, the CPS
is tested during the voltage sag period. A ﬁve cycle sag of
50% depth is created in the laboratory. The voltage sag is
emulated by a setup as shown in ﬁgure 19(a). An inductor
divider consisting of L1 and L2 is provided to apply reduced
voltage of Vin = 115Vrms across the CPS for a time duration of 0.1s. For this an inductor of 8.8mH with continuous
current rating of 30A and surge current rating of 300A

is chosen. The duration of voltage sag is dependent on
Miniature Circuit Breaker (MCB)’s tripping characteristics.
A I N DI KOP P made C-type MCB with the nominal current rating of 10A is chosen. Based on the MCB magnetic
tripping characteristics, it would trip in 0.1s when the current
through the MCB is 100A.
The procedure for emulating the voltage-sag is as
follows:
• When the knife-switch is in off state, only inductance
L1 is included in the circuit and hence voltage across
the CPS is 230V.
• When the knife switch is closed, inductance L2 is
included in the circuit. This results in high current of
125A through the L2 branch.
• Since the current is nearly 10 times the Inominal of the
MCB, it results in MCB trip in 0.1s.
• The instant from closing of knife switch to the instant
of opening of MCB is characterized as the period of
voltage sag. Once the MCB trips, the 230V is applied
again.
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(a)

(b)

Figure 19. (a) Schematic for emulation of input voltage (Vin ) sag, (b) Control Power Supply (CPS) under test.

(a)

(b)

Figure 20. Waveforms for performance of CPS during voltage sag at (a) 70W load at DSFC: [Ch.1: IL2 50A/div., Ch.2: vin 200V/div.,
Ch.3: Vo 5V/div., Ch.4: iin 5A/div., time scale: 25ms/div.], (b) 200W load at DSFC: [Ch.1: IL2 100A/div., Ch.2: Vint 200V/div., Ch.3:
Vo 5V/div., Ch.4: Vin 200V/div., time scale: 50ms/div.].

The performance of the CPS during the voltage sag period
is as shown in ﬁgure 20. It can be seen from ﬁgure 20 that
CPS’s dc output voltage (Vo ) is constant during the period of
voltage sag. It can be observed from ﬁgure 20(b) that, for the
load power of 200W, the pre-regulator output voltage dips
by 20V before returning to its rated operated value, owing
to the low bandwidth of pre-regulator voltage control loop
which is around 23Hz. It can be seen from ﬁgure 20 that
even during this period, the output voltage of the CPS (V0 )
is maintained constant for both 70W load and 200W loads.

6. Conclusions
This paper explains the hardware, control design and startup
circuit design and operation of a CPS rated to supply 250W
to the control circuitry of HPC. The CPS allows wide variation of input voltage from 90Vrms to 270Vrms while maintaining dc output voltage of Vo = 24Vdc . The near unity
power factor operation of CPS over the wide input voltage
variation for various loading conditions has been observed.
Low THD is observed in input current for various ac input
voltages as well as loading conditions. The response of the
system for step change in load for both pre-regulator and

DSFC is observed individually, and it matches the design
analysis. The CPS’s dynamic performance is also observed
under input voltage sag condition and is found to be good.
Thus based on the response time for step load change and
voltage sag studies, the control system design of CPS meets
the requirements of both pre-regulator as well as DSFC.
Also, the starting procedure of CPS and its advantages are
discussed. The working of start-up power circuit during shut
down period is analyzed. The experimental results also verify the design criteria of on board power supply, gate drive
circuits of pre-regulator, DSFC and start up circuit. The
working of start-up power circuit and on-board power supply for CPS is found to be quite efﬁcient under various
loading and input line conditions. Such a CPS can be used
in a HPC that is required to meet low voltage ride through
requirements.
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Design values of (a) Pre-regulator gate drive circuit; (b)
Start-up power circuit; (c) DSFC gate drive circuit.

The part numbers of various components used in boost and
DSFC’s gate drive circuits and start-up power circuit are
tabulated in Appendix 1(a–c).
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