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ABSTRACT

Intermediate Bus Architecture (IBA) is used for power
distribution in information communication technology
(ICT) equipment due to the flexibility of its power dis-
tribution and cost-effectiveness compared to centralized
or DC-mediated power. The reason for IBA’s good
performance in this context is its greater reliability
and efficient Intermediate Bus Converter (IBC). Existing
IBAs comprise low-voltage systems with multiple power,
resulting in power loss. This study outlines the need for a
high-voltage DC-to-DC converter to solve the problems
associated with conventional 48 VDC converters. A
300 W LLC series resonant converter is utilized for the
design and analysis of converter efficiency and losses
across various input voltages. The results indicate that
the maximum converter efficiency is >92% at full load.
MATHCAD is used to analyze the performance of the
LLC converter and understand the suitable operating
zones for zero-voltage-switching. The LLC converter’s
efficiency is investigated for multiple input voltage
ranges. The LLC converter is designed and developed
in MATLAB and the results of the simulation are
presented. Trade-offs in the LLC converter’s design are
also discussed, with the goal of operating the converter in
an optimal manner and achieving the maximum possible
efficiency.

Keywords: LLC Resonant Converter, Telecom Power,
MATHCAD Analysis, DC/DC Converters, MATLAB

1. INTRODUCTION

Over the last two decades, the ICT equipment power
distribution systems used in networking applications
have changed dramatically, primarily due to increasing
performance requirements and cost-related factors. The
major transition occurred in the 1990s when the industry
introduced Distributed Power Architecture (DPA) as an
alternative to centralized power supply [1-3]. The
centralized power supply configuration is modified with
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the addition of a front-end power supply that converts
AC into DC power and feeds the backplane of the rack,
as presented in Fig. 1. Typically, the output voltage of
a front-end power supply is 48 VDC. The ICT equipment
installed in the backplane includes 48 VDC input DC-to-
DC converter modules that supply all necessary voltages
to ICT process loads, as shown in Fig. 1.

DPA-based power systems are capable of solving
the conduction loss issues caused by load currents.
They tend to afford additional flexibility to systems
and slightly shorter design cycles, but the system costs
remain relatively high. As line card supply voltages
(ICT equipment) increase to four/five times the initial
requirements [2], the question has arisen as to how
many isolated converters per line card should be used (2,
4]. Narveson [4] suggested the use of a single discrete
DC-to-DC converter of between 48 VDC and other load
voltages. For instance, if the converter features a 12 VDC
output, a point-of-load (POL) converter is used to derive
the other load voltages from the 12VDC one. The
use of a single, isolated DC-to-DC converter and POL
converter is the first step to introducing Intermediate
Bus Architecture (IBA). The advantage of IBA is that
the POL used to supply low voltages and high currents
can be placed near the load. Placing the POL near the
load decreases parasites in the power supply plane and
improves the dynamic response of the current profile.
Another advantage of IBA is the potential reduction in
the cost of power distribution [2].

In addition, the demand from the analog and digital
IC industries for different supply voltages, ranging from
0.8VDC to 5VDC and 12VDC, and the availability of
low-cost POLs, seeks to force the introduction of IBA
[5-8]. The front-end AC-to-DC or DC-to-DC power
supply is used to convert the input voltage to 48 VDC in
IBA power distribution. An Intermediate Bus Converter
(IBC) is used to nominally convert 48 VDC to 12 VDC,
and this converter is an isolated DC-to-DC unit, and the
12VDC bus termed an Intermediate Bus [2]. The POL
converters are connected between intermediate buses
and loads to provide voltage for the different analog and
digital circuits, as shown in Fig. 2.

The DC-to-DC converter (IBC) is used with the
intermediate bus to produce the intermediate bus voltage
needed to achieve higher efficiency and better reliability
at a lower cost. The first IBC converters in the industry
were marginally updated variants of fully regulated
DC-to-DC power converter modules [9]. IBCs rapidly
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Fig. 2: Block diagram of intermediate bus architecture.

evolved into an independent specialty product within the
portfolio of module manufacturing, due to their power
density, efficiency, and cost requirements. Most IBCs
have been standardized to operate from 48 VDC inputs
and regulate 12 VDC output voltages with varying power
levels at an efficiency of over 90% [9].

Current 48 VDC IBAs, which provide power from
front-end power converters to IBCs, have the disad-
vantage of higher input voltage conversions to lower
48V with the help of DC-to-DC converters within front-
end power converter devices. There are four power
conversion stages, from a front-end converter to the
load point (Stage 4), as shown in Fig. 3, while the total
system efficiency is lower due to greater power loss.
System efficiency may be improved by eliminating the
power conversion stages and reducing power loss. This
indicates that the conversion stages 2 and 3, displayed
in Fig. 3, can be eliminated by replacing one DC-to-DC
converter.

The replacement converter uses a high-voltage DC
input to deliver a low-voltage DC output. The input
voltage ranges from 200-400 VDC [10-16] and the output
voltage is 12 VDC. Research is underway to determine the
optimal DC input voltage to achieve high efficiency and
reliability at a low cost.

ICT
Electric Storage Equipment
Generator [ Battery

Fig. 3: Power conversion stages of existing intermediate bus
architecture.

A resonant LLC converter is used for the IBC since it
has the advantage of operating at higher frequencies with
smaller footprints while attaining the requisite efficiency
[17] and reliability [18, 19]. Another advantage of an LLC
converter is that it has a higher power density with fewer
components [3,17,18]. This study evaluates the LLC
converter designed to obtain optimal DC voltage levels
by considering efficiency and semiconductor switching
losses [18].

The remainder of the paper is laid out as follows.
Details of the LLC resonant converter circuit are specified
in Section 2 with the DC characteristics of the converter
outlined in Section 3. Section 4 shows a comparison of
LLC power topologies. Section 5 presents the design
methodology of the proposed LLC converter for the
different input voltages. Section 6 describes the simu-
lation model and results of the high-voltage input LLC
resonant converters. Finally, the conclusion is presented
in Section 7.
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Fig. 5: Operational circuit waveforms of the LLC converter

[25].

2. LLC SERIES RESONANT CONVERTER

Fig. 4 shows the basic circuit diagram of the LLC
converter [19,20], consisting of a primary side half-
bridge switching circuit (square wave generator), an LC
tank circuit, and a center-tap transformer followed by a
half-bridge rectifier. The converter works with variable
switching frequency control, with primary switches
operating in a complementary fashion with a 180° phase
shift with proper dead-time control. The operating
waveforms shown in Fig. 5 concern the switching pulses
of the Q; and Q, switches [20, 21].

As can be observed from Fig. 4, the circuit features
a few passive components, such as C,, L,, and L,,
where L, and C, are the LLC series resonant inductor
and capacitor, respectively, and L,, is the magnetizing
inductor [19,21]. The magnetizing inductance behaves
as a shunt inductor [22].

Fig. 5 also displays the circuit switching waveforms.
The frequency of operation is assumed to be the same
as the resonance frequency calculated using the L, and
C.. Due to the L,, there is a considerable amount
of magnetizing current (I,,) on the primary side that
freewheels with it and plays no role in the transfer of
power. The circuit current (/) is the sum of 1,, and I,
referred to as the primary [22].

Fig. 6: LLC series resonant converter equivalent circuit.

The current flow is sinusoidal due to the capacitor and
inductors in the tank circuit having a square wave voltage
input. The tank circuit helps filter the high harmonic
currents. Due to the inductance, the primary current
lags behind the applied voltage, helping to achieve zero-
voltage switching [21] of the metal-oxide-semiconductor
field-effect transistor (MOSFET) [24]. The MOSFET is
switched on when there is a current flow in its anti-
parallel diode since the voltage over it is zero at this
point. All the critical waveforms of the LLC converter are
shown in Fig. 5, where one switching device current (1),
series inductor current (I; ), and magnetizing current
(I ) are shown with resp:ect to the gate pulse of the
MOSFET,

The secondary rectifier circuit converts the alternating
voltage from the LLC transformer into DC, which is then
fed to the load. Detailed analyses of LLC converters can
be found in the literature, e.g. [2,22-25]. The secondary
rectifier circuit can be a full-bridge type or half-bridge
center tap. Synchronous rectification is widely used to
enhance the power supply performance of more critical
high-power applications, rather than diode rectifiers.

3. ANALYSIS OF THE LLC SERIES RESONANT CON-
VERTER

The function of any converter is to provide a specified
output voltage at a given input voltage and applied
load, with the output voltage remaining constant under
changes in the input voltage and load. The converter
must also fulfill the condition of achieving maximum
efficiency by reducing loss. Therefore, for the LLC
resonant converter to attain good output regulation, it is
important to consider its DC characteristics, as discussed
in this section. The equivalent circuit of the LLC
derived from the first harmonic approximation (FHA)
[18,22,23,26,27] is used to investigate and analyze the
LLC converter’s characteristics in the frequency domain.
Fig. 6 displays the equivalent circuit of the LLC series
resonant converter [28].

To simplify the equations in Fig. 6, the relationship
between V, and Vj, can also be illustrated using the
electrical circuit variables L,, L,,, C,, and R,.. Therefore,
the input to the output voltage gain or voltage transfer
functions becomes:
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Eq. (1) depicts that a connection from the input voltage
(V;,) to the output voltage (V,) can be established in
relation to M, with LLC circuit parameters such as:
« Resonant frequency

1

F=—L )
274/L,.C,
« Normalised switching frequency
F
1=== 3
Xl = ®)

rl

« Ratio of magnetizing inductance to resonating induc-
tance

L
k=1, @
;
« Reflected load resistance
8n’R;
ac 71-2 (5)
e Turns ratio
NP
n=a (6)
S

¢ Quality factor [19]

Energy stored

- Energy dissipated

_ 2zF,L,

B Rac

_ 1 VL @
27F,,C,R,, R,

With the help of Egs. (2)-(7), the voltage gain function
can then be normalized and expressed as [28]

M= 1
2 2
1 1
\/[l+ﬁx<l—ﬁ>] +[Q><<xl——l)]
3)
1 Vi
V,=Mx - x — 9)
n 2
Vo . M
Ve = (10)

It can be observed from Eq. (10), the output voltage
is calculated if the gain (M), transformer turns (n), and
input voltage (V;,) are known.

The relationship between the input and output volt-
ages obtained from Egs. (8) and (9) can be written as
follows:

v, v,
V,,:MxlxﬂzM(xl,k,Q)xlx—DC (11)
n 2 n 2

Fig. 7 indicates various possible relationships among
LLC converter characteristics. Each plot is defined with
a constant value of k (k = 1, 5, 10, and 20) with respect
to different Q values, ranging from 0.1-10. Several
observations can be made based on the plots; consider
Fig. 8 which is redrawn using the details from Fig. 7(b).
Fig. 8 shows that lower Q value curves represent lighter
load conditions, whereas higher Q curves represent
higher load conditions. All Q curves are then shown to
cross at one resonance frequency point (x1 = 1 or F,,, =
F,;) and exhibit a unity gain [24].

It is apparent that the peaks of the gain curve shown in
Fig. 8 define the boundary conditions in the tank circuit
between the two inductive and capacitive impedances.
The shaded area on the left-hand side is the capacitive
operating region and the inductive operating region of
the LLC converter on the right. The purpose of defining
the operating regions is to ensure they always perform in
the inductive region of the entire input voltage, as well
as the load range [24]. The converter’s operation should
be within the inductive region to perform zero-voltage
switching (ZVS). The switch Q; (MOSFET) current flow
must be reversed before another switch Q, (MOSFET) is
switched off. When the MOSFET switches off, the reverse
current flows into the MOSFET body diode, resulting in
hard commutation until another MOSFET in the bridge
is switched on. At this point, reverse recovery losses
and noise may exist, inducing high current spikes and
leading to device failure. It should be noted that the
operating point (x1, M) = (1, 1) is independent of the
loading condition. This means that as long as the unity
of the voltage gain (M) can be retained, the switching
frequency is at the resonant frequency (F,;), regardless
of the load current.

In other words, the frequency variance is reduced to
a minimum in a system where the operating point is at
(x1, M) = (1, 1) or in its vicinity. At (x1, M) = (1, 1),
the series resonant circuit impedance is zero, given that
parasitic power losses are not present. Instead, the total
input voltage is applied to the output load regardless of
the load current variation. However, the impedance of
the series resonant circuit is a non-zero distance away
from (x1, M) = (1, 1), the voltage gain varies according
to load impedance, and the operation is load-dependent.

An increase in Q shrinks the curve for a fixed k,
resulting in a narrower frequency control range being
predicted because Q is the quality factor of the LLC
converter series tank circuit. However, although the
entire gain curve may show a downward trend, the
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respective gain M peak value is lower, as well as the x1,
referring to a value that drops to the right and is nearer
to x1 = 1. This frequency change is due to an increased
load that rises with Q.

A review of Egs. (5) and (7) implies that an increase
in the Q value may lead to a decrease in load resistance
(R;)because L,, and L, are fixed values. C, is fixed to the
same sequence of resonant frequencies, and R is parallel
to L,,, so R; would reduce the impact of L,, and move
F,, to F,|. Therefore, if the R; varies from no load (open)
to full load (short), the peak resonant gain values decrease
from infinity to one, while the relative peak resonance
frequency also shifts from F,, to the resonant frequency

robust regulation and control, making it suitable for
projects with wide input voltage ranges [25].

4. COMPARISON OF LLC POWER TOPOLOGIES

To increase the efficiency and reliability of the con-
verter, it is important to select the optimum power
topology. Qualitative analysis is presented to choose the
optimum LLC converter. There are certain factors to con-
sider when choosing the topology since it must meet the
power density, efficiency, and reliability requirements
within the given form. A comparative study is helpful
for choosing the best topology among those available in
the literature. Table 1 presents a comparison of different
power topologies.

From Table 1, it can be observed that topology 8 has
more switches, magnetics, and resonant components,
while topology 1 has fewer switches, magnetics, and
resonant components. All the topologies can transfer the
required power levels for a given input to output.
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Table 1: Power topology comparison.
Type Topology ‘ Switches ‘ Diodes ‘ Transformers ‘ Inductors ‘ E-Cap ‘ R-Cap
Topology 1 [29] 2 2 1 1 1 1
Topol 230 4 2 1 1 1 1
Non-interleaved opology 2 [30]
Topology 3 [31] 4 2 1 1 1 1
Topology 4 [30,31] 6 0 1 1 1 1
Topology 5 [32,33] 8 0 2 2 1 2
Topol 6 [34 12 6 3 3 1 3
Interleaved opology 6 [34]
Topology 7 [35] 6 4 2 2 1 2
Topology 8 [36] 12 0 3 3 3 3
1 eSwitches o Diodes Table 2: Technical specifications.
12 < Transformers <®Inductors
@E-Cap @R-Cap
10 Parameter ‘ Value
s Input voltage (V;,,) 270-450 VDC
6 Output voltage (V,) 12VDC
4 Output load current (1,) 25A
2 ® Output load power (P,) 300 W
o
0 Switching frequency 100 kHz

2 1[29] 20301 3[31]

430,31] 532,33

634 71351  8[36]

Fig. 10: Comparison of reviewed topologies.

Fig. 10 shows a comparison of the reviewed topologies.
According to the results, topology 4 is the most efficient.
Topology 1 (shown in Fig. 4) is chosen for this study
since it has a smaller number of components and gives
an acceptable efficiency range [29].

5. DESIGN OF THE LLC CONVERTER

The design example applies to the DC-to-DC converter
for ICT loads requiring an output of 12 VDC at 25 A. The
objective of this study is to design a converter that can
operate with a DC input voltage of 270 to 450 VDC to
provide 12 VDC at a full load current of 25 A.

5.1 Design Steps

The design of the LLC can be undertaken by calculat-
ing the transformer turn ratio » and the minimum and
maximum voltage gains of the resonant tank circuit. The
equations provided in Section 3 are used to calculate the
circuit parameters for the given converter specifications
as shown in Table 2.

The proposed design assumes a nominal input voltage
of 400 VDC, whereas the maximum frequency (F,,) is
150kHz and the minimum frequency (F,;,) is 100 kHz,
respectively.

Using the equations in Section 3, the circuit parame-
ters are calculated as follows:

Transformer turns ratio n = 16
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The above resonant frequency of 100 kHz corresponds
to L,, =335 uH and L, = 41.95 yH, while the minimum
frequency is determined as 45.89 kHz.

It is important to calculate the maximum Q value
at the minimum input voltage since the power is de-
tracted from the lower input voltage, as indicated in the
specification. In the same manner, the maximum gain
at the minimum switching frequency can be calculated
using the maximum Q value. The same observations are
apparent in the gain plot presented in Fig. 11.

The above plot displays the variation in the voltage
gain with respect to the frequency. The red curve
corresponds to full-load conditions (Q = Q,,x = 0.265).
To design the LLC tank components for optimized
operation over a voltage variation of 270-450V, it is

necessary to ensure the no-load (Q = 0, green) and full-
load (Q = Oy, red) curves intersect with the minimum
gain (min_gain = 0.889), nominal gain (nom_gain = 1.0)
and maximum gain (max_gain = 1.481) shown on the
vertical axis, and within the frequency boundaries.

6. CIRCUIT SIMULATION AND TEST RESULTS

ANl LLC converter parameters tabulated are calculated
and outlined in Section 3.

6.1 MATLAB Simulation Diagram

The functional operation of the LLC converter is
verified by the MATLAB model shown in Fig. 12, while
all the circuit parameters are presented in Table 3. The
operation is verified at one input voltage of 400 VDC from
the light load to the full one. Based on the operation, it
can be observed that the frequency varies with respect to
load changes when the input remains constant, while the
change frequency is within the maximum and minimum
limits.

Figs. 13 to 15 show the converter switching behavior
at different loading and input voltages. Fig. 13(a) displays
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Table 3: LLC resonant converter circuit design parameters.

Parameter

Value

Resonant frequency (F,;)

106 kHz

Minimum switching frequency

45.9kHz

Resonant capacitor (C,)

60.38 nF

LLC transformer specifications

Turns ratio Np:NA,

Leakage (resonant) inductor (L,)
Magnetizing inductor (L,,)

16
41.95 yH
335 yH

Vo
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Fig. 13: Test conditions: 300 W load with 400 VDC input voltage: (a) output voltage and switching frequency and (b) 1,

MOSFET current and voltage, and secondary diode current.
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Fig. 14: Test conditions: 6 W load with 400 VDC input voltage: (a) output voltage and switching frequency and (b) 1,

MOSFET current and voltage, and secondary diode current.

the measured output voltage V, and switching frequency
F,,, under full-load (300 W) condition. Fig. 13(b) shows
the primary current, secondary diode current, Vpg, and
Ipg of the O, power switch under full-load condition,
during which ZVS is achieved.

Fig. 14(a) shows the measured output voltage V, and

the F,, under light load (6 W) condition. Fig. 14(b) shows

sw

the primary current, secondary diode current, Vp¢, and
I g of the power switch Q, under light load condition,
when ZVS is attained.

Similarly, Fig. 15(a) shows the measured output volt-
age V, and the F,,, under 2W load condition. Fig. 15(b)
shows the primary current, secondary diode current,
Vps, and Ip¢ of the power switch O, under 2W load
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(@)

Fig. 15: Test conditions: 6 W load with 400 VDC input voltage: (a) output voltage and switching frequency and (b) I,

MOSFET current and voltage, and secondary diode current.

n(Pe)

* po'lw) 7

Fig. 16: Calculated efficiency of the converters; no load to
full load at 400V input.

Ploss_400V (Po) (W)
I———

Po (W)

Fig. 17: Calculated converter power losses from no load to
full load at 400V input.

_ e ——

Fig. 18: Efficiency of the converter from no load to full load
at different input voltages.

conditions, when ZVS is attained.

The calculated efficiency of the converter is shown in
Fig. 16. As can be observed, the efficiency is >92% in
the LLC resonant converter under full-load conditions.
Fig. 17 displays the variation in the losses of the LLC
converter from no load to full load, when the input
voltage is 400 V.

Fig. 18 shows the efficiency of the LLC converter
with respect to different input voltages. The 200V
curve exhibits greater efficiency until 60% of the load
is reached but then starts to deteriorate. The efficiency
curve of the 400 V and 450 V is shown to be less efficient
under light conditions and better with a 50 to 100% load.
Accordingly, it can be concluded that the converter with
a higher voltage input is also more efficient.

7. CONCLUSION

This study discusses the evolution of DPA, as well
as the IBA for ICT equipment used for telecom and
networks. The issues associated with the IBA and IBC
converters are discussed to demonstrate the need for
high-voltage DC-to-DC converters. An analysis of the
LLC converter’s DC characteristics is presented with the
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aid of MATHCAD. The efficiency of the LLC converter for
different input voltages is also discussed and compared.
As can be observed, the power losses within the converter
are higher at lower input voltages and lower at higher
input voltages. Moreover, as demonstrated by the
simulated test results, the rectifier diode losses in the
LLC’s resonant converter represent a large portion of the
total power loss. The findings reveal that high-voltage
input converters can address these issues and challenges
by implementing IBC in a DPA configuration. By
following the appropriate design methods, conventional
IBCs can easily be replaced by high-voltage DC-to-DC
converters. The simulation results of the 300 W output
and 400 VDC input half-bridge DC-to-DC converters
confirm the viability of the proposed improvements in
the circuit.
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