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Abstract: Power quality in terms of power factor (PF), efficiency, and total harmonic distortions
(THDs) is an important consideration in power supplies designed for 5G telecom servers. This paper
presents a different magnetic parts design and manufacturing techniques of power supplies, design
and selection criteria of switching elements as well as the optimal design of control loops based on
small-signal stability modeling and an appropriate stability criterion. The designed telecom power
supply consists of the power factor correction (PFC) stage to increase the input power factor and the
isolated phase-shift pulse width modulation (PWM) zero-voltage switching (ZVS) DC-DC converter
stage to regulate the supply voltage to the specified load value while maintaining a high conversion
efficiency. A two-stage outdoor telecom power supply with a power rating of 2 kW was designed
and fabricated on a printed circuit board (PCB). The distinct two-stage power components of the
power supply were subjected to loss analysis. Furthermore, PSIM simulation and experiments were
used to demonstrate the total harmonic distortions (THDs), voltage ripples, power efficiency, and PF
performance of the supply current for the proposed power supply under various operating situations.
This work produces an industrial high power density power supply with a high PF, low THD and
high conversion efficiency which is suitable for telecom power server applications.

Keywords: AC-DC power supply; telecom servers; power factor correction (PFC); phase shift PWM
DC-DC converter; zero voltage switching (ZVS); small-signal modeling; stability criteria; loss analysis

1. Introduction

The widespread adoption of 5G technology in communications and telecom systems
has resulted in the large-scale use of universal electronic devices, which are one of the
largest consumers of electrical energy. Because these electronic devices typically operate
based on DC power, the AC voltage of the supply must be rectified. Traditional AC-DC
rectifiers can be used to power these devices, but their circuit performance and power
efficiency in high-power-density applications limit their use [1], so they need to be more
energy-efficient. For this reason, a highly efficient AC-DC power supply with a high-
power factor has recently been modified [2,3]. Figure 1 shows the overall structure of an
AC-DC telecom power supply with two stages, a power factor correction (PFC) stage and
a DC-DC output converter stage, which is the optimum option for obtaining a high-power
performance and good energy quality [2-4].

The control circuits in the front stage of the high input PF power supply should be
implemented to manage the shape of the input AC current waveform to follow the input
voltage pure sine waveform. Therefore, the first stage of the two-stage AC-DC power
supply is the power factor correction (PFC) stage, which can be implemented with different
circuit topologies, such as conventional [5], interleaved [6], and bridgeless [7] ones. Most of
these topologies are operated according to the boost converter operation technique, with
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voltage and current control loops to control the input current shape and regulate the DC
bus voltage to the specified level to supply power to the second stage [8-10].

Power factor correction (PFC) stage DC-DC converter stage
4 ) = .
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. Bridge |_L Boost 1 DC-DC ) m ;A
EMI filter o LC filter %
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Figure 1. The structure of industrial two-stage telecom power supply.

The control loops in PFC converters are typically implemented using proportional-
integral (PI) controllers via analog or digital control circuits. In digital PFC converters, the
slow dynamic response of the PI controller around the current waveform zero-crossing
point in the digital microcontroller unit (MCU) due to the analog-digital conversion (ADC)
process increases the displacement and distortion factors of the input current [11]. Thus,
more complex modification is required in the current control loop so that the supply current
follows the supply voltage and reduces the current zero-crossing distortion, such as the
variable on-time switching technique (VOT) [12,13], or implements the digital current
filters, such as the finite response impulse (FIR) and the infinite impulse response (IIR)
filters [14]. Therefore, analog control circuits with good performance and simple control
requirements are preferred and widely used to control industrial PFC converters. To
Maintain the specified circuit current and voltage performances, as well as the stability
of the designed control systems, the PI controller settings in the control loops of the PFC
converters must be optimally acquired. Thus, in the design of the converter’s control
loops, determining the stability models and selecting the optimal stability requirements of
closed-loop control systems in power converters are essential considerations [8,15].

For telecom applications, the second stage of the telecom power supply regulates
the DC bus voltage to the desired load voltage (typically 45-63 V) [16]. At this stage, an
effective technique for high-power-density conversion with high efficiency must be chosen.
The DC-DC converter stage can be constructed as an isolated [17,18] or non-isolated [19]
converter depending on the power application. The isolated converter is more extensively
used in telecom power applications because it is better suited to provide insulation and
protection for connecting loads than the non-isolated converter. In addition, the switching
elements on both sides of the high-power-density isolated DC-DC converter must be
designed to support high voltage stress on the primary side and high current stress on the
secondary side [20,21]. Thus, choosing suitable switching schematics for the converter to
reduce the stress on the switches during converter operation is critical in DC-DC converter
circuit design.

Isolated DC-DC converters based on the phase-shift PWM switching technique have
recently become one of the most widely used techniques due to their ability to reduce
switching losses and provide better regulation over a wide load range, particularly when
zero-voltage switching (ZVS) operation is available for converter switches [22,23]. ZVS
operation enables high-power-density conversion with minimal voltage stress and modest
switching losses [24]. Another essential consideration in the design of isolated phase-shift
PWM DC-DC converters with ZVS is the transformer design and selection for providing
ZVS over a wide load range to minimize switching and conduction losses [25].

According to the preceding discussion, a primary goal when implementing a power
supply with a high input PF and high conversion efficiency is to create the appropriate
design and optimize the control loops in the PFC converter stage, as well as to design and
manufacture power components in both stages of the high-power-density telecom power
supply. Thus, this paper proposes optimal design analysis and implementation of the PFC
converter stage voltage and current control loops based on the derived small-signal model
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and appropriate stability criteria that maintain the supply current and voltage in phase in
order to develop an industrial two-stage high-power-density telecom power supply with a
high input PF, a lower THD, and high conversion efficiency. Optimal mathematical analysis,
selection methodology, and manufacturing techniques for magnetic and switching parts to
withstand high voltage and current stresses while consuming little power are presented.
Additionally, losses in various parts of the power supply are analyzed and calculated.
The remainder of this paper is arranged as follows: Section 2 delves into the design
approach, manufacturing procedures, and loss analysis of the PFC converter stage power
components. An optimal control technique for control loops of the PFC converter stage is
also proposed. The optimal design technique and loss analysis of the isolated phase-shift
ZVS PWM DC-DC converter stage are presented in Section 3. The simulation approach and
results for the overall designed two-stage AC-DC power supply are presented in Section 4.
Section 5 depicts the printed circuit board (PCB) design, experimental verification, and com-
parative analysis of the simulation, as well as experimental and analytical performance for
the designed AC-DC power supply. The last section of the paper presents the conclusions.

2. Power Factor Correction (PFC) Stage Design

For the PFC converters implemented for the high-power density, the conventional,
interleaved or bridgeless topology can be used. The bridgeless PFC typologies have higher
efficiency compared to the other PFC topologies since the input bridge rectifier is not used.
However, most of these bridgeless topologies experience a higher level of EMI due to the
direct connection between the input supply and the DC power circuit which increases the
THD and reduced the PFE. Different modifications of bridgeless topologies with complex
designs and higher costs of the required EMI filters have to be implemented to decrease
these EMI issues [7]. Therefore, the use of the bridgeless PFC topology is limited in telecom
power applications with high power density, where the EMI level is required to be at a
lower limit. In addition, the interleaved PFC converter can reduce the input ripple current
as compared with the conventional PFC topology due to the interleaving technique which
causes the ripple current cancellation, reduces THD, and increases the input PF to about
99.90%; however, the control circuit and price are higher than the conventional PFC with
little difference in the performance [6,8].

On the other hand, the conventional PFC is a simple topology that can be implemented
with economical features to work in high power density applications with a higher efficiency
of more than 97%, a higher PF of more than 99% and a lower THD [8]. Therefore, in this
work, the conventional PFC converter based on the single-phase boost converter is selected
to implement the front stage of the designed two-stage AC-DC power supply.

Figure 2 shows the employed conventional boost PFC stage designed for the two-stage
AC-DC telecom power supply. As shown in the circuit schematic, the principal operation
of the circuit is based on the single-phase boost converter operation technique. In the boost
converters, the three main power elements to be optimally designed are (1) the energy
storage element represented by the boost inductor (L), (2) the switching parts represented
by the high-voltage Mosfet (Q) and the high current fast switching diode (D), and (3) the
output filter represented by the DC bus capacitor (Cy).
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Figure 2. Schematic circuit of the employed telecom PFC stage.
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Table 1 presents the design specifications of the two-stage AC-DC 5G telecom power
supply based on the design requirements of the LGU* telecom company for the 5G telecom
power servers.

Table 1. The target PFC converter stage design specifications.

Design Parameter Value Unit
Operating voltage (V) 220 (176-264) v
Operating Frequency (F;) 60 (57-63) Hz
DC bus Voltage (Vi) 400 (320-410) \Y4
Rated Power (P,) 2000 W
Target Efficiency (1) 97% -
Target power factor (PF) 99% -
PFC Switching Frequency (Fsw) 100 kHz
Hold Up Time (t;,,) 6 ms
Inductor ripple current (%Ripple) 15% -
DC bus voltage ripple (Vipp) 15 Vip

2.1. PFC Stage Power Components Design and Manufacturing
2.1.1. Boost Inductor

When choosing boost inductors for high-power-density PFC boost converters, various
factors must be considered, including the required inductance value, the direct current
resistance (DCR), and the saturation current value. It is necessary to select a suitable
inductor core with small core losses, calculate the number of turns that provide the required
inductance value, and design the inductor wire that withstands the peak value of the
current that flows through the inductor with acceptable power losses due to wire DCR value.
Therefore, the design and manufacturing procedure of the boost inductor is as follows:

1.  The required boost inductance value can be obtained on the basis of the required
boost inductor input ripple current, which is commonly computed as a percentage
(10-40%) of the maximum input current to the boost converter. As given in the design
specifications in Table 1, for a 15% ripple current, the inductor ripple current can be
calculated as

I ripple — 0.15 X Iin max (1)

where [jy; jyqx is the boost converter maximum input current and can be calculated as

by

Lipmax = V2 X —— 20—
m max X nxl/inminXPF

@
where Vi, iy is the minimum input voltage to the boost converter in V. 1 and PF are
the target efficiency and power factor of the designed PFC stage, respectively.

Using Equations (1) and (2), the allowable ripple inductor current at full loading can
be calculated. The boost inductor minimum value is calculated on the basis of this ripple
current value and 0.5 of the value of the worst-case scenario of the boost converter duty
cycle (D), as given below:

Vius X D (1 -D )

Ly . . = 3
b min Fsy % IL ripple ( )

where Fg is the switching frequency in Hz and V4 is the DC bus voltage in V.

2. To compute the average and maximum peak currents of the specified boost inductor,
the boost converter used is assumed to work in the continuous current conduction
mode (CCM), with two operation modes when the switch Qj, is on and off. Figure 3
depicts the boost converter’s inductor voltage and current waveforms in various
operation modes.
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Figure 3. Boost inductor voltage and currents waveforms of the employed PFC topology.

When the switch (Qp) is closed in Mode 1, the energy is stored in the inductor and a
magnetic field is generated. When Q, is opened in Mode 2, the current circuit impedance
rises, lowering the current, and the magnetic field previously created is reduced, allowing
the current to flow toward the load. As a result, the inductor voltage polarity is reversed,
putting the two sources in series and charging the DC bus capacitor (Cp) via the fast-
switching diode (D).

The inductor maximum average current (I1j 0 max) can be calculated at the rated
power condition (P,), the rated Vy,;, and the minimum operating duty cycle (Dpgc i) as
given below:

P, 1
I = 4
Lb avg max = 17 (1 — Dprc min) ¥

As shown in Table 1, the boost converter is designed to work with a wide supply
voltage range (176-264) V. So, the PFC stage minimum duty cycle value can be calculated as

Vin_max (5)

Dprc min =1— ——
Vbus

The inductor ripple current I1;, » as the percentage (%Ripple) of the boost converter
total input current can be expressed as

Irpr pk = %Ripple x I avg max X 2 (6)
Therefore, the inductor maximum peak current is calculated as

Irbr pi
Iy pk — Iy avg max + ;p 7)

3. On the basis of the calculated inductance and the inductor maximum peak current,
the inductor core part number, the number of turns (N), and the size of the winding
wire have to be selected.

The boost converter inductor core was designed to have a high saturation level, which
prevents saturation at the maximum peak current (I, x) and supports the converter op-
eration with the designed switching frequency. The inductor core losses also have to
be accepted in accordance with the temperature rise during the PFC converter opera-
tion. Therefore, Kool M core materials, with low loss, a relatively high saturation level
(10,500 gausses), a higher switching frequency level (up to 200 kHz), and near-zero mag-
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(otalog Port Number

netostriction (ability to expand or contract in response to a magnetic field), are good for
eliminating audible frequency noise in in-line noise filters and inductors and also excellent
for implementation in PFC circuits [26].

As depicted in Figure 4 chart, the inductor core in this work will be chosen by the LI?
method. The core part number will be chosen from the Kool Mu chart of the Magnetic
inc supplier [27], where L is the boost inductance value and I is the inductor maximum
peak current.
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Figure 4. Kool M chart for choosing the L, inductor core for the PFC boost converter.

Using the calculated value of LI? and the required inductance value from the chart
and ensuring suitable space for the wire to wind around the core, the boost converter
inductor is designed using two stacked Kool Mu toroids core with part number 77083A7.
The number of turns (Nyp) in the inductor to obtain the required inductance value (L) can

be calculated as
Ly
Nip=4/ —m— 8
b = 4/ 2 AL o (8)

where A;_;, is the minimum inductance factor for each core.

The inductor wire is chosen on the basis of the maximum peak current of the inductor
and must be thick enough to keep the DCR low and be able to form the appropriate number
of turns around the selected core area.

4. Power losses in the PFC boost inductors are caused by (i) the DCR resistance losses
(P1p pcr) of the inductor wire and (2) the inductor core losses (P14 core)-

The DCR losses of the boost converter inductor (Prj, pcr) can be calculated as
Pry pcr = Itb rms” X DCR 9

where the designed inductor DCR value can be experimentally measured by applying DC
current and voltage to the terminal of the inductor and using Ohm’s law to obtain the
equivalent inductor terminal resistance and I}, gpss is the inductor maximum RMS current

and can be calculated as P
0

n X Vin_min x PF

ILb rms — (10)

On the basis of the supplier of the chosen core, the core losses of the inductor (Prp core)
can be directly obtained from the core datasheet or calculated using the given equation:

Pry core = K1 % stw x BY x Vo x 10°° (11)
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where Kj is constant for the core material, x is the frequency exponential, B is the peak
flux density in Gauss, y is the flux density exponential, and V, is the effective core volume
in cm®.

In this work, and based on the design analysis, the boost inductor was manufactured
with 60 turns of 1.15 mm copper wire wrapped around the 2-stacked Kool Mu 77083A7
toroid cores. The DCR value of the manufactured inductor was measured experimentally
and found to be around 0.087 ). The electrical specifications of the designed boost inductor

are summarized in Table 2.

Table 2. Electrical specifications of the designed boost inductor (Lp).

Parameter Value
Actual inductance 470 uF
Peak current 11.60 A
Core type 2 stacked Kool My (77083A7)
Inductive factor (A1) 81 4 8% (nH/T?)
No. of Turns (Nyp) 60
Winding wire Copper 1.15 mm
DC resistance (DCR) 0.087 Q)

2.1.2. DC Bus Capacitor

When selecting the output bulk capacitor (Cy) for a PFC boost converter, it is critical
to keep the equivalent series resistance (ESR) as low as possible because it affects power
efficiency and voltage regulation. A higher ESR causes more ripples, influencing the
stability of the boost converter control loop [28]. Typically, aluminum electrolytic capacitors
are used, which require a high-power density; moreover, due to their small volume, these
capacitors are also preferred in PFC applications because they provide a high capacitance
value with a low ESR.

The DC bus capacitor for PFC boost converters is typically designed with a value that
must meet the specified DC bus voltage ripple (Vrpp) using Equation (12) and be sufficient
to deliver the output minimum voltage hold-up with the specified time (t3,), as given
in Equation (13).

P,
C, > 12
b_2><7r><Pmin><Vrpp><Vbus (12)
2xX P, xt
Cp> — o T (13)
U(Vbus - ths min)

The output capacitor was designed using the larger of the two equations.
The capacitor RMS current (Icy, raps) across the 60 Hz line cycle is given as [29]

8v/2 x P2 P2
ICb rms — < 2 - 0) (14)

37 x Vin_min X Vbus V02

The capacitor equivalent series resistance (ESR) is calculated on the basis of the
dissipation factor (DF) of the chosen DC bus capacitor C,, at the low line frequency as

DF
ESR_2><7I><P><Cb (15)
The ESR losses of the DC bus capacitor P¢y, gsr can be calculated as
Pep psr = ESR X I3, s (16)

To reduce the equivalent ESR of the DC bus capacitor to reduce the power losses, the
calculated capacitance value can be divided into n number of capacitors in parallel. In this
work, the largest value of the DC bulk capacitor, calculated using Equation (12), was about
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950 uFE So, two capacitors of 560 uF and 450 V, with a low ESR value, are used in parallel to
reduce the effective ESR value and hence reduce the capacitor losses. The dissipation factor
of the chosen capacitor is about 0.15, so the capacitor ESR is calculated to be about 0.355 Q).

2.1.3. Mosfet Switch

To choose an optimal Mosfet (Q;) for a boost converter implemented for PFC convert-
ers, there are some important Mosfet selection considerations, which can be summarized
as follows: low on-state resistance (Rys,,;) for low power losses, fast turn-on/off switching
to reduce device switching losses, low output capacitances to increase efficiency with light
load conditions, high dVpg/dt and high dIr/dt to withstand the spikes and overshoots,
and low thermal resistance to decrease thermal power dissipation [1,30,31].

To minimize conduction losses, the power Mosfet switches in PFC boost converters
are chosen on the basis of the highest peak current considering the value of the on-state
drain-source resistance (Rdso,). The RMS current (I, ruis) and the highest peak current
stress (Igp p) in the boost converter switch Qj, can be calculated as [8]

P, 8\/§V1n min
I =0 /1 2 Tinmin 17
Qb rms Vin min 37Tths ( )

IQb pk = \/E X IQb rms (18)

In this work, considering the calculated switch’s highest peak current, the maximum
output voltage ratings, the low switch Rdson, and the IPZ60R040C7 switch is used for the
PFC stage. The Rds,; of the chosen switch is about 40 mQ).

The power losses in the Mosfet switch are classified into two parts, the conduction
losses (Pgyp Rason) due to the on-state resistance and the switching losses (Pgp s)-

The conduction losses (Pgp rdson) Of the switches can be estimated as:

PQb Rdson = Iéh rms X Rdson (19)

For the chosen Mosfet switch, the output capacitance Cygss = 85 pf, the rise time ¢, = 8 ns,
and the fall time #; = 0.2 ns of the Mosfet gate. Using these values, switching losses and
losses due to the output capacitance (Pgyp s») can be determined as

Pob s = Fsw |05 X Vis X Iy pi (t, + tf) 10.5 X Cyss X Vﬁus} (20)

2.1.4. Boost Diode

In PFC boost converters, the boost diode (Dj) has a big influence on the system’s
performance due to the reverse recovery behavior. So, an ultra-fast diode with a low
reverse recovery time (t,;) and reverse recovery charge (Q,,) is necessary to reduce the
switching loss.

The boost diode peak current is calculated as the maximum load current at the mini-
mum DC bus voltage, as follows:

Ipp pk = : (21)

The diode losses Ppy, jss are estimated on the basis of the forward voltage (V) at 125 °C
and the reverse recovery charge (Q,,) of the diode.

Ppp Loss = Vf X Ipp pk +0.5 X Fsgp X Vs X Qpr (22)

In this work, the silicon carbide (5iC) Schottky diode (with new diode technology)
with part number IDH16G65C5 with a forward voltage of about 1.5 V and no reverse
recovery/no forward recovery is used as the boost diode. As a result, the switching
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loss caused by this diode can be ignored and only the conductivity loss caused by V;
is considered.

2.2. Power Loss Distribution in the PFC Stage

Table 3 summarizes the design procedure results of the power components and power
loss calculations in the employed PFC converter stage. Figure 5 depicts the loss distribution
in the PFC stage power components. In the input bridge rectifier, the total power losses
amount to about 36%, followed by the power losses in the boost inductor, by 30%, and
the expected conversion efficiency, which is calculated from the proposed optimal design
analysis of the designed PFC stage, is about 97.10%.

Table 3. Design components and losses of the employed PFC stage.

Component Quant. Part Number/Description Power Loss (W) Efficiency
Bridge rectifier 2 GSIB 2580 21.32
Core: (2 stacked cores Kool Mp
. (77083A7). 97.10%
Boost inductor Ly, 1 Single 1.15 Copper wire 17.12
60 Turns
Mosfet Q 1 IPZ60R040C7 6.85
Diode Dy, 1 IDH16G65C5 9.375
DC bus capacitor Cp 2 EKMR421VSN561MR50S 3.90

Figure 5. Power losses distribution in PFC stage.

2.3. Boost Converter Average Small-Signal Model
Assuming that the single-phase boost converter unit employed in this work, as shown
in Figure 6, is working in the continuous current conduction (CCM) mode, the mathematical
equations that describe the change in the inductor current (I;;) and the DC bus voltage
(Vipus = Vo) can be given as
dILb _ ﬁ B Vbus(l — D) (23)
dt Ly Ly

AVys - Vbus + ILb(l - D)

dt R Gy, Cp

where D is the PFC boost converter duty cycle and R is the load resistance in Ohm:s.

(24)
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ILb

=AY

Lb

Qb Cob

— —
] = =
= =

Vbus=Vo

+
i

Figure 6. Equivalent circuit of the boost converter unit.

We assume that at the selected operational points (iry, v, Upys, and d), all variables
(Itp, Vin, Vpus, and D) are in a steady state when the AC signal variation is small (i1, v;,, %,
Upus™, and d*), where

Inp =ity + i1y 5 Vin = Vin + 05y Vius = Upys + Upys; D =d +d* (25)

To regulate the DC bus voltage (V},s) and boost the inductor current (I1), the designed
control system must modify the duty cycle (D) on the basis of the variation in the small-
signal AC.

Equations (26) and (27) are obtained by substituting values from Equation (25) in
Equations (23) and (24).

dliny +ify) _ (O +95,)  (Vbus +p,) 1—d —d")

= - 2
dt Ly Ly (26)
d(vbus + UZ;MS) _ (UWS + UZus) + (iLb + lib) (1-d—d") 27)
dt R Gy Cp

Using the averaging model, which considers that over the switching period in the
steady state the inductor current change and the capacitor voltage change are zero,
Equations (26) and (27) can be rewritten as

d(izb) - 1, . Obus ;1% (1 — d) *
d(o* 1—-d . [ * 1 *
(Z;btus) _ G )(1Lb) + Z%(d ) — m(vbus) (29)

Using Equations (28) and (29), the small-signal stability model for the bridge CCM
PFC converter in the state space matrix is as follows:

. _ (1= : 1 Vius
léb — 0 ( Ly ) lzb + | Ly v?n (30)
Opus (ﬂ) . Z 0 & d*

Cb R Cb us Cb

2.4. PFC Stage Control Circuit Design

Figure 7 shows the implementation of the control circuit for the boost converter, which
consists of the outer voltage control loop to regulate the DC bus voltage and the inner
current control loop to control the inductor current shape in order to allow the input supply
current to follow the supply voltage for the high input power factor. The sensed DC bus
voltage (Viys_pp) is compared with the reference DC voltage (Vi) to generate the DC error,
which controls using a PI controller and then shapes with the sensed input voltage (V;,_g)
to generate the reference current for the inner current control loop.
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Figure 7. Control loop of the employed PFC boost converter.

A Laplace transform is applied for the small-signal stability model of the PFC converter
obtained in Equation (30) to obtain the open loop transfer functions for the DC bus voltage
and the inductor current control systems, as follows:

vr (s) V;
Go(s) = s = 31
o(s) if,(s) 2 Vius Cps (1)
. V us 2V us
iy (s) Lbb s+ thgcb
Gi(s) = d*(S) = 5 1 1 > (32)

At a high switching frequency, the DC bus capacitor can be shorted and 1/C,, is equal

to zero, which can simplify the inductor current open loop TF as given below:
~ Vipus
Gils) = <" (33)

Figure 8 shows the block presentation of the closed loop TF in the voltage and current
control loops of the boost converter of the PFC stage, where the closed loop TF of the outer
voltage Gcry(s) and inductor current Gy ;(s) control systems can be expressed as

Vv
V, s~ .(Kpy s + Kpp)
Gewa(s) = 3 uséz; DI T G4
ref 57+ 2 Vpus Cbs T 2 Vius Cp
Vius
Gewils) I1p(s) fe.(Kpi s + Kj;) 35)
CLi = = : ;
! Iref(s) 52 + VbusL;(Pz s+ Vb”ith
PI Controller PI Controller
I :
Kpv+Kiv/s |—»{ System Gv(s) Vb“{:s) nite) Kri+Kii/s »System Gi(s) ILb{?,-)
(a) (b)

Figure 8. Closed control loops of the PFC boost converter: (a) voltage loop; (b) current loop.

After the transfer functions of the control loops are determined, the PI controllers’
gains can be designed with the standard form of the second-order system TF and bode plots
by selecting the proper control system bandwidth and the undamped natural frequency
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that enhanced the optimal stability criteria for the closed loop of the voltage and current

control systems.

Usually, the bandwidth of the outer voltage loop must be significantly small in order to
eliminate the harmonics of the output DC voltage reflected by the AC input voltage at 60 Hz.
On the contrary, the bandwidth of the inner current control loop must be significantly high
compared with the voltage control loops to allow the inductor’s current to follow the
reference current. In addition, the current control loop bandwidth must be less than the

switching frequency (Fsw) to reject the noise at the switching frequency [8,32].

In this work, the undamped natural frequency (&) was considered to be about 0.707
and the closed loop bandwidths of W,, were assumed to be about 100 rad /s and 10 krad /s
for the outer voltage and inner current loops, respectively. For the reliable operation of a
controller under different loading conditions, the Kp and K; parameters were set to work
with the minimum value of the load voltage (V},5) of 320 V with the rated input voltage.

Figure 9 depicts the bode plot of the frequency response of the closed loop voltage
control system, which shows that the voltage controller offers unity gain for frequencies less
than 32.7 Hz. This voltage controller works as a low-pass filter to remove the 60 Hz voltage
ripple. In addition, the root locus plot of the pole-zero location, which shows the designed
voltage control poles and zeros located on the left and the designed voltage controller, is

inherently stable.

Bode Diagram closed loop voltage system 5 Root Locus closed loop voltage system
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Figure 9. Closed loop voltage control system characteristics (a) bode plot; (b) root locus plot.

Figure 10 depicts the bode plot of the frequency response of the closed loop current
control system, which shows that the current controller offers unity gain for frequencies less
than 3200 Hz. This current control system, working as a low-pass filter, helps to remove the
switching frequency noise. Moreover, the root locus plot of the pole-zero location, which
shows the designed current control poles and zeros located on the left and the designed

current controller, is also inherently stable.
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Figure 10. Closed loop current control system characteristics (a) bode plot; (b) root locus plot.
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3. Phase-Shift PWM ZVS DC-DC Converter Stage Design

Figure 11 shows the schematic circuit of the telecom phase-shift PWM ZVS DC-DC
converter stage, consisting of three main parts: (1) the full bridge switching circuit on
the primary side with phase-shift PWM and ZVS technique, which involves tuning the
resonant inductor L; to exhaust the energy of the parasitic capacitance of the switches at
the moment of the switching, which offers current flow with zero voltage biasing, reducing
switching losses and increasing the conversion efficiency, (2) the synchronous rectifier
on the secondary side, which uses power Mosfets to rectify the output voltage of the HF
transformer, and (3) the output LC filter to adjust the load voltage and current ripple
contents and maintain the output voltage hold-up time at the specified values.

Primary switching with ZVS Secondary synchronous rectifier Output LC filter

. =

A (oTb-02€) OOF
sng 3@

Cin

)

1 3 rh—l Lf
Q J} @ _I} e . 141
= —= T

Cf

TSR3 R |

viE
A(g9-5t) vS
|eumua:| p20'|

4

lyl
T

HF Transformer

Figure 11. Schematic circuit of the employed phase shift PWM ZVS DC-DC converter.

Challenges in designing high-power-density ZVS converters are (1) selecting primary
Mosfets to withstand the high DC voltage on the input side with small conduction losses,
(2) designing a resonant inductor that offers ZVS over a wide range of loading conditions,
(3) selecting secondary Mosfets to withstand the high load current with small conduction
and switching losses, and (4) tuning the output filter components to adjust the load voltage
and current ripple components. The following sections present the design consideration,
mathematical calculation, and loss analysis of the DC-DC converter stage of different
power components.

Table 4 shows the design specifications of the employed phase-shift PWM ZVS DC-DC
converter based on the LCU* telecom company for the 5G telecom power servers.

Table 4. Design specifications of the employed DC-DC converter stage.

Parameter Value Unit
Input voltage (Vi) 400 (320-410) \Y4
Load voltage (V}puq) 54 (45-63) \Y%

Output voltage ripple 200 mV
Rated power (Pjouq) 2000 W
Switching frequency 100 kHz
Target efficiency 95%
holdup time (tj,14) 20 us
Inductor ripple current 15%

3.1. Phase-Shift PWM ZVS Converter Power Component Design and Manufacture
3.1.1. High-Frequency (HF) Transformer

Key parameters to be considered in the design of high-frequency transformers for DC-
DC converters are as follows: effective (operating) duty cycle to calculate the transformer
turn ratio; the magnetization inductance to realize ZVS; the shape, size, and material of
the transformer core that reduce the oscillations; the number of magnets; elimination of
eddy currents; and high dv/dt to withstand the overshoots and high voltage stress on
the primary side [25,33-35]. Therefore, the design and manufacturing procedure of high-
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frequency transformers for high-power-density DC-DC converters can be summarized as

follows:

1.  The transformer turns ratio (a) is calculated on the basis of the maximum operating
duty cycle (Dyux) at the minimum bus voltage rating of the converter (Vis min),

as follows:
_Ne _Vp

TN T Vs
Let Dy be about 70% and Vs i be about 320 V. The transformer turns ratio is

calculated as
qa= @ _ (ths min_ ZVM)Dmax
Vs Viead + VM
where Vj; is the primary Mosfet switch voltage drop and it is assumed to be 0.5 V
in calculations.
Let a = 5. The effective operating duty cycle (D), also called the effective phase shift,
is calculated as

(36)

=41 (37)

(Vload + VM)”
Dff = ———F=~ = 0.675 38
“ff (Vbus - ZVM) %
2. The transformer magnetizing inductance (L) is designed based on the maximum
magnetizing inductance to realize ZVS as given [33,36]

L. — Tdeud a Vlaad min % (Ts min Tdead)
m=
CHB Vbus min 4 2

(39)

where Cyp denotes the entire equivalent capacitance of the primary H bridge, which
can be found on the primary switch datasheet. T ,;, is the minimum switching time,
which is determined by the intended minimum switching frequency; T 4,4 is the PWM
dead time, which may be computed using the effective duty ratio previously obtained.

3. When selecting the transformer core size, shape, and material, the main considerations
are its efficiency, temperature rise, operating frequency, eddy currents, and core losses.
For high-frequency applications (10 kHz-3 MHz), iron powder cores, amorphous steel
cores, and ferrite cores can be used. However, ferrite cores serve as efficient insulators
to prevent eddy currents and experience low core loss. When choosing the core, it is
also possible to begin with a core weight (W,), a core effective volume (V,), or a core
effective area (A.) based on the transfer power and switching frequency and choose
which core will be most appropriate in these terms.

In this work, the ferrite core supplied by TDK [36], with a PQ shape and an effective
area of about 200 mm?, is considered excellent for the DC-DC converter switching frequency
(fsw = 100 kHz) and high-power density. For acceptable core losses, usually, the transformer
magnetic flux should be maintained at a low level (0.1-0.4 Tesla). Therefore, we limit the
maximum magnetic flux (Bjuy) to 0.35 Tesla, and consequently, the number of primary
turns (Np) is calculated as

Vs X D
bus = Zeff 1910 Turns (40)

N:
P 2 X Byax X Ae X fsw

Using an HF transformer with 20 turns of the primary winding, the operating maxi-
mum magnetic flux is calculated to be about 0.336 Tesla.

4. Three main losses in the transformer have to be calculated: the core losses, the primary
copper losses, and the secondary copper losses.

e  For the ferrite cores, the transformer core losses can be calculated as [37]

1.64
Ptr core loss — 0.036 - ({s(;g,) '(10' Bmax)2'68 'Ve '103 (41)
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e  The primary winding RMS current and the copper losses due to the primary
winding resistance (R,) can be calculated as

I
Iy yms = l;ﬂd X a (42)
Pp loss — I;% rms 'RP (43)

o  The secondary winding RMS current and the copper losses due to the secondary
winding resistance (Rs) can be calculated as

I
Is rms — l;ud X \/2 Deff (44)

P 1oss = 2 Is2rms ‘Rs (45)

3.1.2. Input Capacitor Design

The DC-DC converter’s input capacitor is estimated to match the hold-up time (t,;4)
for the minimum input voltage (Vs min) given to the converter circuit [16,38].

2P, t
Cin Z 5 load éll)ld (46)
U (Vbus - Vbus min)

The RMS current and the power losses due to the ESR of the input capacitor of the
DC-DC converter stage are calculated as

Pload ?
oa
Icin rms = Ip rms2 - (Vb Y; tl) (47)
us min
Pein £sR = Icin rms” “ESRcin (48)

3.1.3. Primary Mosfet Selection

To choose optimal Mosfet switches for the high-voltage side of the isolated phase-
shift PWM ZVS DC-DC converters implemented for high-power-density applications, the
following are some important considerations:

Low on-state resistance (Rys,,;) for low power losses.

Fast turn-off switching and higher gate plateau voltage.

Low gate charge Q, and low capacitance at the output Cyss for designs with a wider
ZVS range and less deadtime.

High dVps/dt and high dIr/dt to withstand spikes and overshoots.

Low thermal resistance to decrease thermal power dissipation.

Body diode with a high reverse recovery rate. The reverse recovery condition occurs
when the body diode of a power Mosfet is switched from on-state to off-state while a
current is flowing. The drain—source voltage rises rapidly as a result of this.

The RMS current of the primary Mosfet can be calculated as

Iload_ 1 1

IP Mos rms — 5 P E (49)

The primary Mosfet conduction losses at 150 °C is

Pp Mos = Ip Mos>*Rson (50)
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With the design of the converter with ZVS, the turn-on losses and the losses due to the
output parasitic capacitance Cys; are zero and only the turn-off losses are considered.

Pp Mos off — 0.5 Ip pk Vius toff fsw (51)

In this work, according to the Mosfet design considerations, the voltage, and the
current design requirements of the employed power supply, the Mosfet with part number
IPW60R070CFD? from the Infineon company, with a considerably small Ry, (about
70 mQ) at 250 °C and 0.13 Q) at 150 °C), low Qg (about 67 nC), and considerably low Coss
(about 53 pF), is used for the full bridge switches on the primary side of the DC-DC
converter stage.

3.1.4. Secondary Mosfet Selection

In the high-power density telecom applications, the secondary current stresses in the
DC-DC converter are high, causing high conduction losses in the secondary switches. Thus,
to have balanced switching and conduction losses, synchronous rectifier switches on the
secondary side must have a considerably low Ryson-

The secondary switch conduction losses can be calculated as

Psg M0s = Isr Mos*Rason (52)

where IgR pos is equal to the transformer winding secondary current.

The secondary switch switching losses can be calculated using Equation (20), where
the voltage stress of the secondary switches can be calculated on the basis of the effective
duty cycle and the load voltage.

2
Vi \%
PSR Mos swit = fsw | 0.5 X Dlo;; X IsR pk X (tr + tf) +0.5 X Coss X < load) (53)
e

Deyf

According to the specifications of the load voltage and load power, the Mosfet with
part number IPP110N20N3, with extremely low on-resistance R 5y,,, of about 10.70 m(), is
optimally designed for the synchronous rectification for the AC-DC switched mode power
supplies and is selected in the synchronous rectifier switches.

3.1.5. Load Filter Inductor Design

The filter inductance value Ly is designed on the basis of the specified ripple current
Aljyas a percentage of the full load current (15%), as listed in the design specifications in
Table 4. Applying KVL at the secondary circuit of the DC-DC converter stage, the value of
the filter inductance can be calculated as

- Vioad (1 - Deff)

Lf= 54
f Alps* fsw G4
The load filter inductor maximum peak current (I;fx) can be calculated as
Alp
Iif pi = oat + — > (55)

Using the LI> method to select the inductor core from the Kool Mu chart as shown in
Figure 12, the single-core Kool M with part number 77493 was chosen for the load filter
inductor design. The number of turns (Ni) to obtain the required inductance value (Ly) can
be calculated as

(56)
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Figure 12. Kool My chart for choosing L, and L¢ inductors core for the phase shift PWM converter.

The copper loss (Ppspcr) of the winding wire due to the inductor DCR can be calcu-
lated on the maximum value of the RMS inductor filter current (I;srys) given as

_ Pload z AILf 2
)+ (2

PLffLoss = ILf rm52 x DCR (58)

The core losses of the load filter inductor can be calculated using Equation (11), given
in calculations of the boost inductor core losses of the PFC stage.

In this work, to design an inductor that can withstand the peak current of about
39.80 A, a load filter inductor (L) of 30 uF was manufactured with 16 turns of three-wire
copper 1.15 mm in diameter around the Kool Mu 77439A9 toroids core, which also reduces
the equivalent DCR value by increasing the wire’s cross-section area. The manufactured
load filter inductor DCR value was experimentally measured, and it was about 0.0029 Q).

3.1.6. Load Filter Capacitor Selection

The load filter capacitor value (Cy) is calculated on the basis of the hold-up time (t,14)
and the required voltage ripple (Vgjypl) as follows:

> 0911004 * thota

(59)
VRipple

where the hold-up time (t},;) is calculated as the time required for the load filter inductor
current to reach 90% of the full load current [8].

Lload * 0‘9Iloud

thola = (60)
’ Vioad
The load filter capacitor RMS current is calculated as
Al
ICf rms — TSf (61)

The load filter capacitor value calculated from Equation (59) is about 3300 uF. To
reduce the ESR value of the load filter capacitor, 3300 uF capacitance is divided into seven
units of electrolytic 470 uF capacitors with DF of 0.1 at 63 V, in which the equivalent ESR is
decreased by a ratio equal to the number of units. The ESR of the chosen capacitor unit is



Electronics 2022, 11, 1898

18 of 30

about 0.56 (), the equivalent resistance (ESRcy) of the output filter capacitor is about 0.08 (2,
and the output filter losses due to the equivalent ESR can be calculated as

Pef esr = Ic; rms” * ESRcy (62)

3.1.7. Resonant Inductor Design

The quantity of energy required to achieve a ZVS condition is used to calculate the size
of the resonant inductor tank. As a result, the energy absorbed by the resonant inductance
(Ly) and transformer leakage inductance (Lj;) inductor values must be able to exhaust the
energy given by the parasitic capacitance of the primary switches (Coss) as well as the
energy from the transformer winding capacitance (Cy).

%112) rms(LV + le) > %COSS Vbzus + %Cw Vbzus (63)
The leakage inductance of the designed HF transformer is measured on the primary
side, and it is about 1.9 uH. The transformer winding capacitor is measured, and it is about
0.90 nF. Using these values, the resonant inductor to realize the ZVS on the primary side
can be calculated.
The peak current of the resonant inductor is calculated as

ILf pk
a

I, pk — (64)

As shown in the chart in Figure 12, the core for the resonant inductor can be selected
on the basis of the LI? value. The resonant inductor number of turns and power losses can
be calculated using the procedure given in the design of the load filter inductor.

In this work, the resonant inductor (L,) with a value of 31 uF was manufactured with
22 turns of the single-wire copper 1.15 mm in diameter around the Kool M 77120A7 toroids
core. The manufactured load filter inductor DCR value was experimentally measured, and
it was about 0.013 Q.

Table 5 summarizes the electrical specifications of the designed load filter and resonant
inductors for the isolated phase-shift PWM ZVS DC-DC converter stage.

Table 5. Electrical specifications of the designed resonant and load filter inductors.

Parameter Resonant Inductor Load Filter Inductor
Actual inductance 31 uF 30 uF

Peak current 796 A 39.80 A

Core type Single Kool Mu (77120A7) Single Kool Mu (77439A9)

Inductive factor 72 + 8% (nH/T?) 135 + 8% (nH/T?)
No. of Turns 22 16
Winding wire Single copper wire 1.15 mm 3-Wire copper 1.15 mm
DC resistance (DCR) 0.013 Q) 0.0029 OO

3.2. Power Loss Distribution in the DC-DC Converter Stage

Table 6 summarizes the design procedure results of the power components and power
loss calculations in the employed phase-shift PWM ZVS DC-DC converter stage. The
power loss distribution in the stage of different components is also shown in Figure 13. The
secondary synchronous rectifier switches are responsible for the highest power losses due
to the high current stress. The expected conversion efficiency, calculated from the analysis
of the designed phase-shift PWM ZVS DC-DC converter stage, is about 97%.
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Table 6. Design components and losses of the employed DC-DC converter stage.

Component Quantity Part Number/Description Power Loss (W) Efficiency
Input capacitance 1 EETHC2W471LC 2.40
Primary Mosfets 4 IPW60R070CFD7 12.92
Core: Kool Mu 77120A7
Resonant inductor 1 Single wire of 1.15 mm copper 1.815 97.00%
22 Turns
Core: PQ40/40
H.F transformer 1 Turns ratio: 20:4:4 7.13
Lm =28mH
Secondary Mosfets 4 IPP110N20N3 19.26
Core: Kool Mu 77439A9
Filter inductor 1 3-wire of 1.15 mm copper 15.50
16 Turns
Filter capacitor 7 SamYoung 470 uF 63V 0.825

HF transformer

Figure 13. Power losses distribution in phase shift PWM ZVS DC-DC converter stage.

3.3. Control Circuit Implementation of the Phase-Shift PWM ZVS DC-DC Converter

By phase shifting the switching pulses of one half-bridge with respect to the other,
the phase-shift PWM approach is used to control the full bridge on the primary side of
the DC-DC converter. In this part, the ZVS approach is used to provide high-power-
density efficient conversion at a high switching frequency. This control section can employ
either voltage-mode or current-mode control techniques. Current-mode-controlled DC-DC
switching is popular because it is more efficient than voltage mode control. However, when
the duty cycle of the PWM rises above 50%, the current-mode architecture can become
unstable [38]. The converter primary current slope compensation technique is used to
mitigate this instability and restore stability across a large duty-cycle range [39,40].

Figure 14 shows the control strategy of the voltage and current control loops in the
DC-DC converter stage implemented in the PSIM software to control the primary and
secondary switches of the employed phase-shift PWM DC-DC converter stage.

The feedback signals in this control system are the primary current and the load
voltage. To obtain a primary current signal (V},), a current transformer with a turn ratio
of 100:1 is used to sense the primary current, which is then sampled by a resistor. A
load voltage signal (Vi g) is also sensed. To compensate for the instability of current
waveforms at high duty cycle values, a 200 kHz ramp signal is added to the V}, signal to
generate the primary current (I,). In the voltage control loop, the load voltage feedback
signal (Vioaq_p) is compared with an appropriate reference value (V.ef) and passed to the
voltage PI controller to generate the primary current reference value (I, ). Then, the
primary current (I,) is compared with the reference value (I, to generate the duty cycle
required for the phase-shift PWM (PS-PWM) and the synchronous rectifier PWM (SR-PWM)
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generators to generate the operating pulse for the primary and secondary switches from
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Figure 14. Control strategy of the phase shift PWM DC-DC converter stage.

4. Simulation Results and Discussions

Figure 15 depicts the overall system structure, as well as the proposed control strategy
for the two-stage AC-DC telecom power supply, which was modeled in PSIM software
to evaluate the power supply’s performance with the optimally designed control loops
and the designed power component values (given in Tables 3 and 5) in both the PFC and
phase-shift PWM ZVS DC-DC converter stages. As illustrated in the schematic of the PFC
stage in Figure 2 as mentioned in Section 2, the EMI filter in the input side of the PFC stage
is implemented as a CLC filter with a common-mode (CM) inductor of Lerm = 2.2 mH and
capacitors of Cq, Cp, and C3 of 1 uF.

PFC controller Converter controller

o _ f \ I Isolated )
( ) T Phase shift e
i 1 o ase S
EMI filter Bridge Boost V"“S_T PWM LC filter "'ﬂ
rectifier | [ converter T .
L ) DC-DC >
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(CCM PFC) (Phase shift PWM)

Figure 15. Overall system and control strategy of the designed two-stage telecom power supply.

To test the performance of the optimally designed PFC stage current control loop,
with a rated supply voltage of 220 Vrms, 60 Hz, and a full loading condition of 2 kW,
Figure 16 shows the waveforms of the boost inductor current, the reference current, the
supply voltage, and the current, as well as the supply input power factor. The designed
control loops succeed in making the inductor current follow the reference current, which
reduces the phase difference between the supply voltage current waveforms to less than
5 degrees and offers an input supply with a minimum power factor of about 99.540%.

To test the dynamic performance of the optimally designed PFC stage voltage control
loop to regulate the DC bus voltage to the specified value (400 V) with the specified
ripple contents (15 V) for the wide range of the operating supply voltage, with different
supply voltages (minimum voltage = 176 Vrms, nominal range = 220 Vrms, and maximum
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voltage = 264 Vrms), the DC bus voltage and the supply voltage are simulated as shown
in Figure 17. The figure shows that the designed PFC stage voltage control loop has
successfully regulated the DC bus voltage to the specified voltage level with specified
ripple limits and with different supply voltages, from 176 to 264 Vrms.

Vsupply (V) Isupply (A)

Supply power factor(PF)

Max PF=0.99707

0.9

0.92 0.94 0.96 0.98 1
Time (s)

Figure 16. Inductor current with reference current, supply current with supply voltage and input PF
at 220 Vrms and full loading condition.
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Figure 17. DC bus voltage and ripple measurements with different supply voltages.

Figure 18 shows the voltage and current waveforms of the switches Q; and Q3 in the
two legs of the full bridge on the primary side of the phase-shift PWM DC-DC converter
stage. For the current waveforms to be clearly observed, they must be multiplied by 20 and
show that the designed phase-shift PWM controller and the resonant inductor with the
designed value on the primary side of the converter are sufficient to offer switching
operation with ZVS in the two legs of the full bridge of the primary side of the DC-DC
converter. In addition, Figure 19 shows the ZVS conditions in the voltage and current
waveforms of switches Q5 and Q6 in the synchronous rectification circuit of the secondary
side of the designed converter.

Figure 20 shows the AC supply, the DC bus, load voltage/current waveforms, and
ripple content measurements. With 220 Vrms, and with a full loading condition of 2 kW,
the DC bus voltage is regulated to the specified voltage level with a ripple peak-to-peak
value of about 12 V, and the designed LC filter on the output load side of the phase-shift
PWM converter maintains the load voltage ripple at about 13.5 mV and the load current



Electronics 2022, 11, 1898 22 of 30

ripple at about 20 mA, which is lower than the specified ripple contents for the load voltage
and currents.
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300
200
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Figure 18. Voltage, current waveforms of the primary switches in phase shift PWM converter.
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Figure 19. Voltage, current waveforms of the secondary switches in phase shift PWM converter.
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Figure 20. Supply, DC bus and load voltage current waveforms with full loading condition.

To demonstrate the total harmonic distortion (THD) in the supply input current, with
220 Vrms and full loading conditions, a fast Fourier transform (FFT) analysis of the supply
input current is performed as shown in Figure 21. The analysis shows that the supply
current fundamental component of about 13.10 A at 60 Hz and the third harmonic current of
about 0.578 A at 180 Hz appear in the frequency spectrum and the total harmonic distortion
(THD) measured is about 4.52% for the supply current waveform of the designed AC-DC
telecom power supply.

Isupply (A)

SO S N S B 1 =Y -1

0 200 400 600 800 1000
Frequency (Hz)

Figure 21. Frequency spectrum of the supply current with 220 Vrms and full loading condition.

The power loss budget of the different power components was estimated using the
PSIM simulation model of the designed two-stage power supply at a full loading condition
of 2000 W, as given in Table 7. The efficiency of both stages, as well as the overall efficiency
of the designed two-stage power supply, were calculated, where the designed power
supply offers an overall efficiency of around 94.50%, and the total full load power losses are
around 111.50 W. The PFC stage has a power loss of approximately 6.50 W with a 97.20%
efficiency, whereas the DC-DC converter stage has a power loss of approximately 55 W
with a 97.25% efficiency.
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Table 7. Power losses estimation with using PSIM software.

Component Power Loss (W)

Bridge rectifier 20.10
Boost inductor L, 17.25
Mosfet Qy 6.10
Diode Dy, 9.00

DC bus capacitor Cy 3.90
Input capacitance 2.40
Primary Mosfets 11.45
Resonant inductor 1.65
H.F transformer 6.45
Secondary Mosfets 17.65
Filter inductor 14.35
Filter capacitor 0.825

5. Experimental Verification and Discussions

As shown in Figure 22, the printed circuit board (PCB) for the two-stage 2 kW AC-
DC power supply for the outdoor telecom power servers is designed and fabricated
using OrCAD capture and PCB design software 17.4 (Cadence, Rochester, USA) using the

optimally designed and manufactured components of the PFC and the phase-shift PWM
DC-DC converter given in Tables 3 and 5.

Load Terminal

w
@
B
]
3
o
o
2
£
g
&

¢ a v »
Boost converter switch I -

| Bridge rectifier 5:

(b)
Figure 22. Printed circuit board (PCB) of the designed power supply (a) Top side; (b) Bottom side.

The UCC28180 CCM PFC controller is used to control the PFC stage, which has a
switching frequency of about 100 kHz. The UCC28950 IC from Texas Instruments also
provides 4-PSPWM signals with a switching frequency of 100 kHz for the switches on the
primary side and 2-SRPWM for synchronous rectification at the switches on the secondary
side, as well as primary current compensation to restore current stability and voltage
loop control to adjust the output voltage to the specified value to control the DC-DC
converter switches. Using the design tools of the IC UCC28180 in the PFC stage, the biasing
resistor and capacitor values of the controller’s pins can be scaled on the basis of the same
optimal design specifications of the voltage and current control loops derived based on the
small-signal modeling and optimal stability criteria and used in the simulation section.

Figure 23 shows the photograph of the experimental setup used for testing the fabri-
cated power supply. The 3 kW DC electronic load from KIKUSI is connected to the load
terminals to test the loading condition of the designed power supply. The voltage-current of
the supply, the DC bus, and load terminals, as well as the THD, the PF, and the conversion
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efficiency of the designed power supply, are tested under different loading conditions and
compared with the results obtained from the simulation process.

Figure 23. Photograph of the experimental setup.

With the light loading conditions of 500 W and 750 W, the experimental performance
of the designed AC-DC power supply is investigated as given in Figure 24. As shown in
Figure 24a, with a 500 W loading condition, the designed PFC stage current control loop
offers an input current with a PF of about 99.00% and a THD level of about 6.57%. The
designed voltage control loop in the PFC stage regulates the DC bus voltage to the specified
value of about 400 V, and the voltage control loop with the inserted designed LC filter in
the load side of the DC-DC converter stage regulates the load voltage at about 54.5 V with
a ripple voltage of less than 35 mV. As shown in Figure 24b, when the load power increased
to about 750 W, the DC bus and the load voltages were still at constant values, the PF of the
designed power supply increased to about 99.45%, and the THD value was about 5.96%.

Isupply (10A/div) Vsupply (200v/div) Vbus (200V/div) VLoad (50V/div) “PN™ [ELEDNE LEchoY
) Y f"'\/ Y LN o Fanih) P

NN IS IS NN
AN/ AN v AR /A AN

Time (10ms/div)

Measure THD
value 6.57 %
status v

(@)

Figure 24. Cont.
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Figure 24. Experimental waveforms of the supply voltage-current, DC bus voltage and load voltage
as well as the supply PF and THD measurements with 220 Vrms and light loading conditions:
(a) 500 W; (b) 750 W.

The performance of the designed AC-DC power supply is also investigated with high
loading conditions of 1250 W and 2000 W, as shown in Figure 25. The designed power
supply offers an input PF of about 99.55% with a THD of about 5.15% when the loading
condition is about 1250 W, as shown in Figure 25a. At the full load condition of 2000 W, the
input PF is about 99.35% and the THD is about 5.50%, as shown in Figure 25b.
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Measure THD
value 5.50 %
status v
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Figure 25. Experimental waveforms of the supply voltage-current, DC bus voltage and load voltage
as well as the supply PF and THD measurements with 220 Vrms and high loading conditions
(a) 1250 W; (b) 2000 W.

With 220 Vrms and different loading conditions (20%, 40%, 60%, 80%, and 100% of
the full loading condition), the input and output power of the designed power supply
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is measured using simulation and experiment and the efficiency curve is depicted as
shown in Figure 26. The minimum efficiency of the designed power supply is measured
experimentally at 20% of the full loading condition, and it is about 92.10%. The maximum
efficiency is about 94.10% at 80% of the full loading condition, and the efficiency at the
full loading condition is about 93.15%. At the full loading condition, the total losses of
the designed power supply were measured with experimental tests of about 137 W, where
the PFC stage introduces a power loss of about 63 W and the phase shift PWM DC-DC
converter stage introduces a power loss of about 74 W.

Conversion Efficiency Measurments

/\_,/;%\.\

100%

9
95
= 94
£ 93
=3
& 902
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20% 40% 60% 80%
Load condition %

—4—Simulation result —*—Experimental result Full load analytic result

Figure 26. Conversion efficiency curve of the designed power supply.

The error in the efficiency from the analytical analysis and from the simulation is cal-
culated as a percentage of an exact experimental efficiency result. The proposed analytical
analysis of the two-stage power supply provides efficiency calculation with an error of
about 1.10%, and the error in the efficiency calculated from simulation modeling is about
1.72%. These error percentages present the power losses which are not considered in our
design in this step, such as the thermal power losses of the magnetic parts, the heat sink,
the power losses in the gate drives, and both controllers” Ics.

The supply power factor (PF) and supply current THD values are measured through
simulation and experimental tests using 220 Vrms and different loading conditions (20%,
40%, 60%, 80%, and 100% of the full loading condition), as shown in Figure 27. It is
observed that the designed power supply THD value measured from simulation and
experiment is less than 8% at the 20% to 100% loading condition and about 5.50% at the full
loading condition. Furthermore, the supply PF is greater than 99% at 20% to 100% loading
conditions and about 99.35% at the full loading condition.

THD Measurments

Power factor (PF) Measurment

THD %

8 99.8
6 99.6
. i 99.4
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2 99 Il
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Figure 27. THD and PF measurements with different loading conditions: (a) THD measurements;
(b) PF measurements.

Table 8 shows the performance comparison between the designed two-stage AC-DC
power supply with the commercialized power supply used for the telecom server power
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applications; all the cited power supplies worked with a universal input voltage range,
and the PF, efficiency, and THD values were measured at full loading condition and rated
input voltage range. It is noticed that the proposed design for the two-stage AC-DC
telecom power supply offers conversion with a high power density and maintained the PF,
efficiency, and THD values at the higher values required for the telecom server applications
as compared with the commercialized two stages of AC-DC power supplies.

Table 8. Performance of the proposed power supply with the commercialized ones.

Design Reference

Design Topology

Power (W)

Efficiency (%)

PF (%)

THD (%)

proposed

[41]

[42]

Two stage AC-DC
Conventional PFC
PS-ZVS converter
Two stage AC-DC

2000

93.15

99.35

5.50

Bridgeless PFC 500 93.20 98.90 7.40
LLC converter

Two stage AC-DC
interleaved PFC 500 94.55 99.00 8

LLC converter

Two stage AC-DC
Conventional PFC 800 94.47 99.50 2

LLC converter

Two stage AC-DC
Totem pole bridgeless PFC 1000
Half bridge LLC converter

Two stage AC-DC

96.99 96.20 8.96

bridgeless PFC 1600 94.20
LLC converter

98.90 4

6. Conclusions

In this paper, the design procedure, analysis and optimal control strategy of a two-
stage isolated 2 kW AC-DC telecom power supply is proposed, where the PFC current
and voltage control loops are designed on the basis of an appropriate stability criterion
that offers an experimental input supply with a PF of more than 99% and a THD of less
than 6.5% for different loading conditions (20% to 100% of the full loading condition).
Furthermore, the optimal design analysis, considerations, and manufacturing techniques of
the magnetic parts, as well as the selection methodology of the switching elements in both
stages, are proposed; they offer a switching operation with the ZVS technique, a reduction
in conduction and switching losses in both stages, and offer PFC and isolated phase-shift
PWM ZVS converter stages with about 97% efficiency. Moreover, the printed circuit board
(PCB) of the designed 2 kW AC-DC telecom power supply is designed and fabricated. An
isolated AC-DC industrial power supply with a power density of about 2 kW, a full-load
efficiency of about 93.15%, a full-load PF of about 99.35%, and a THD of about 5.5%, suitable
for 5G telecom power servers and data centers, is achieved in this work.

In future work, the design of the voltage, current, and power monitoring systems
in the design of telecom power supplies will be carried out using a DSP microcontroller
unit (MCU) that is designed to manage the operation of PFC and phase shift PWM con-
trollers in both stages, with the shutdown of PWM signals for both stages occurring when
unnormal conditions such as overvoltage and overcurrent are presented. In addition, for
the establishment of protection systems for thermal and overheating concerns, a fault
diagnosis technique based on the reliability and lifetime estimation study of power supply
semiconductor parts will be conducted.
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