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Abstract - In this paper is shown that the regulated series
resonant rectifier (SRR) and series-parallel resonant rectifier
(SPRR) with variable resonant capacitance are good candidates
for ac voltage regulator modules (VRMs) in high-frequency
power distribution systems with a sinusoidal ac bus. Control
characteristics of the SRR and SPRR are derived using the
sinusoidal approximation method. The effect of the transformer
magnetizing inductance is also investigated. Experimental
results obtained on a 5-V/8.5-A SRR with variable resonant
capacitance designed for a 28-Vrms, 1-MHz sinusoidal ac bus are
provided.

I. INTRODUCTION
Today’s high-speed microprocessors represent highly
dynamic power loads that necessitate the use of distributed
power architectures. Typically, these distributed powerdelivery systems use a conventional multiple-output “silver
box” as a front end to supply power directly to “not-sodynamic” loads (e.g., disk drives) and to generate a dc bus for
distribution to the dc/dc point-of-load regulators that are used
for powering the processors. Generally, these point-of-load
regulators, also known as voltage regulator modules (VRMs),
are located very close to the processors to minimize the
interconnect inductance so that the desired transient response
of the VRMs is obtained with a minimal decoupling
capacitance [1].
While the described dc-distribution power system has been
proven to meet the performance requirements of today’s
desktop and server power systems, a number of claims have
been recently made that a high-frequency ac-distribution
power system is a more cost-effective solution to powering
today’s and future data processing equipment [2], [3], [4].
Generally, these claims are based on the fact that in an acdistribution power system, which consists of a front-end
inverter and ac/dc point-of-load converters (ac VRMs),
compared to a dc-distribution power system, two conversion
steps (the rectification step in the front-end converter and the
inversion step in the point-of-load converter) are eliminated.
Because of the reduced number of components, the cost of
the ac-distribution power system is expected to be reduced.
The proposals for the high-frequency ac-distribution power
systems range from trapezoidal ac-bus systems to pure
sinusoidal ac-bus systems with bus frequencies in the MHz
range. Generally, it is recognized that the sinusoidal ac-bus
system has advantages over the trapezoidal ac-bus system

with respect to EMI performance. However, the sinusoidal
ac-bus system requires a more complex inverter and ac VRM
design [3]. So far, only one commercial implementation of
the ac-distribution power system has been reported [4], which
uses 3-5-MHz sinusoidal ac bus. While the size and
performance of this ac-distribution power system apparently
meet the specifications, the cost-effectiveness of the system is
not known.
In this paper, topologies for ac VRMs for HF sinusoidal
ac-bus systems are discussed. First, ac VRM topologies are
derived from the conventional full-wave rectifier topologies.
Next, different control methods for ac VRM output-voltage
regulation are evaluated. In Sections III and IV, voltagetransfer-function and input-power-factor characteristics of the
proposed ac VRMs are derived and analyzed using the
sinusoidal approximation method.
The effect of the
transformer magnetizing inductance is also investigated. In
Section V, a comparison of different ac VRM topologies is
given. Experimental results are provided in Section VI.
II. HF AC VRM TOPOLOGIES
Generally, the conventional full-wave rectifier with
voltage-type load (also called peak-detection rectifier), shown
in Fig. 1, is not suitable for the HF sinusoidal ac VRMs
because of its poor power factor and high current harmonics.
The conventional full-wave rectifier with current-type load,
shown in Fig. 2, has better power factor than the rectifier with
voltage-type load. Ideally, the input current of the circuit in
Fig. 2 has rectangular waveform and is in phase with the
input voltage, resulting in a theoretical maximum power
factor equal to 0.9 [12]. However, because of the circuit
parasitics, the achievable power factor is well below 0.9,
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Fig. 1 Conventional full-wave rectifier with voltage-type load
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Fig. 2 Conventional full-wave rectifier with current-type load

Fig. 4 Series-parallel resonant rectifier

which is not appropriate for the HF ac power distribution
systems.
The input power factor can be significantly improved by
adding a series resonant circuit between the ac voltage source
and the full-wave rectifier in the circuit in Fig. 1, as shown in
Fig. 3, or by adding a series-parallel resonant circuit between
the ac voltage source and the full-wave rectifier in the circuit
in Fig. 2, as shown in Fig. 4. The circuits in Figs. 3 and 4 are
called series resonant rectifier (SRR) and series-parallel
resonant rectifier (SPRR), respectively. The SRR with fullwave diode-bridge rectifier, without a transformer, was
presented and analyzed in [5] and [6]. A similar analysis of
the SPRR was not published yet. Half-wave resonant
rectifiers were described in [7].
To obtain close-to-unity power factor, the series resonant
circuit in the SRR is tuned near the ac-bus frequency [5], [6].
To achieve output-voltage regulation with the SRR, three
control approaches can be used [8]: (1) SRR with variable
resonant inductance, (2) SRR with variable resonant
capacitance, and (3) SRR with constant resonant frequency
by controlling the phase-angle of the rectified current.
Generally, the SRR control methods (1) and (3) are less
attractive than control method (2). Namely, a variable
inductance can be implemented by changing the effective
permeability of the core [8], [9] or by switching the inductor
current, which requires a bidirectional switch connected in
series with the inductor [10]. For the first implementation of
the variable inductance, it is hard to control the output
voltage in a wide load range [9]; whereas, for the second
implementation the full input current flows through two
switches connected in series [10]. The phase-angle control
method can be implemented by connecting a bidirectional
switch in parallel to the input of the full-wave rectifier [8],

[11]. If the ac VRM contains a transformer, the bidirectional
switch can be connected in parallel either with the primary or
secondary winding of the transformer [8]. However, the
phase-angle-control switches operate with hard switching,
making the phase-angle control not very suitable for the HF
ac VRMs. A variable capacitance can be implemented with a
switch-controlled capacitor, which requires a bidirectional
switch connected in parallel with the capacitor [10]. The
operation of the switch-controlled capacitor is very efficient
because the switches operate with zero voltage switching
(ZVS) and they carry only a small portion of the input
current. Therefore, the regulated SRR with variable resonant
capacitance is a good candidate for the HF sinusoidal ac
VRMs especially for wide load ranges.
The same
conclusions can be extended to the SPRRs.

Lr

Cr N : 1

III. SRR WITH VARIABLE CAPACITANCE
Control characteristics of the regulated SRR with variable
resonant capacitance can be obtained using the sinusoidal
(fundamental) approximation method [12], which simplifies
the SRR to the circuit shown in Fig. 5, where Lm is the
magnetizing inductance of the transformer. In Fig. 5, it is
assumed that the leakage inductance of the transformer is
lumped with the resonant inductance Lr. If the ac-bus voltage
is defined as

vin = Vin,pk ⋅ sin(ωin t ) ,

(1)

then, the voltage transfer function is
M =

N Vo
π
= ⋅
Vin,pk 4

1

(

)

2
1 + k Lm (1 − ω n2 )

,
2
+ Qeq

where ωn is the resonant frequency of the series resonant
circuit,
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Fig. 3 Series resonant rectifier

Fig.5 Equivalent circuit of SRR with variable resonant capacitance
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,
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Lr C r
ωr
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ωin

(4)

Qeq is the equivalent quality factor defined as
ω L
Qeq = in r ,
Req

(5)

where Req is the equivalent load resistance,
Req =

8

⋅ N 2 Rload ;
(6)
π2
and kLm is the magnetizing-inductance factor, defined as the
reciprocal value of the magnetizing inductance normalized to
the resonant inductance, i.e.,
k Lm =

1

PF =

normalized to the input frequency, i.e.,
ωn =

equivalent load resistance. Similarly, from Fig. 5, the input
power factor can be obtained as

Lr
.
Lm

(7)

It should be noted that the equivalent quality factor in (5) can
also be interpreted as the reciprocal value of the normalized
Voltage transfer function

(
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2 2
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2 
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For an ideal transformer kLm = 0, the voltage-transferfunction and input-power-factor characteristics versus
normalized resonant frequency ωn and quality factor Qeq as
parameter are shown in Fig. 6. It should be noted that
Qeq = π/4 is the minimum value of Qeq required for the
rectifier to operate in continuous conduction mode [5], [6].
As can be seen from Fig. 6, at ωn = 1, the voltage conversion
ratio does not change with the load variations and the power
factor is unity. Therefore, the SRR ideally meets the ac VRM
requirements. However, because of the parasitic series
resistances in a practical circuit, the voltage conversion ratio
of the SRR varies with the load variation even if the series
resonant circuit (including the series parasitic inductances) is
ideally tuned to the input frequency. It can be also seen from
Fig. 6 that if the series resonant circuit is detuned from the
input frequency, both the voltage conversion ratio and the
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Fig. 6 Control characteristics of SRR with ideal transformer

Fig. 7 Control characteristics of SRR with non-ideal transformer
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power factor decrease with increasing load current. Finally,
it can be seen from Fig. 6 that to regulate the output voltage
against load variations (horizontal dotted line in Fig. 6), for
the same load range, the operation above the input frequency,
ωn > 1, requires a slightly smaller variation of the resonant
frequency than the operation below the input frequency,
ωn < 1, whereas, the power factor is maintained constant.
Taking into account the magnetizing inductance of the
transformer, for a typical value of kLm (kLm = 0.25), the
voltage-transfer-function and input-power-factor characteristics versus ωn and Qeq as parameter are presented in Fig. 7.
As can be seen from Fig. 7, as Qeq decreases, the voltagetransfer-function curves are shifted to the right with an
increased peaking compared to the corresponding curves in
Fig. 6. All curves pass through the point (ωn = 1, M = π/4).
Similarly, the power factor curves are also shifted to the right
with decreasing Qeq.
The shifting of the resonant
characteristics can be easily explained by converting the
parallel Lm-Req circuit in Fig. 5 into a series Lm,ser-Req,ser
circuit. Due to the additional series inductance, Lm,ser, to
achieve resonance at the input frequency, capacitance Cr
needs to be decreased, and, therefore, the resonant frequency
of the series resonant circuit Lr-Cr, ω r = 1 / Lr C r
increases, resulting in shifting of the resonant characteristics
to the right. At resonance, the normalized resonant frequency
of the series resonant circuit Lr-Cr is equal to
ωn, res = 1 +

1
k Lm

⋅

 Qeq 

1 + 

 k Lm 

2

,

(9)

Applying the sinusoidal (fundamental) approximation
method [12] to the SPRR in Fig. 4, the equivalent circuit
shown in Fig. 8 is obtained, where the equivalent load
resistance is defined as
π2
⋅ N 2 Rload .
(11)
8
If it is assumed that the transformer is ideal, the voltage
transfer function can be expressed as
N Vo
2
1
M =
, (12)
= ⋅
Vin,pk π
2 2
2
2 2
1 − C n (1 − ω n ) + Qeq (1 − ω n )
Req =

(

)

where ωn is the normalized resonant frequency of the series
resonant circuit Lr-Cr, defined as in (3) and (4); Qeq is the
equivalent quality factor, defined as in (5); and Cn is the
normalized parallel capacitance defined as
Cn =

Cp

,

Cr 0

(13)

where Cr0 is the capacitance of the series capacitor Cr when
Cr resonates with Lr at the input frequency,

2

.

(10)

It follows from (9) and (10) that with decreasing Qeq, both the
normalized resonant frequency ωn,res and the peak value of
the voltage conversion ratio Mpk increase.
As can be seen from Fig. 7 (horizontal dotted line), to
regulate the output voltage in the same load range, assuming
a constant input voltage, the required variation of the resonant
frequency is significantly smaller if the resonant frequency of
the series Lr-Cr circuit is below the input frequency, i.e.,
ωn < 1, compared to ωn > 1. At the same time, the input
power factor maintains the same value for the same load
below and above ωn = 1. It can be concluded from Fig. 7 that
the preferred area of operation is ωn < 1. Therefore, the
variable resonant capacitance should be designed to increase
as the load decreases. The switch-controlled capacitor [10]
satisfies this criteria, i.e., at the maximum load, the
capacitance is minimal and equal to its nominal value,

(14)

Also from Fig. 8, the input power factor is obtained as
1

PF =

and the peak value of the voltage conversion ratio is
determined as





IV. SPRR WITH VARIABLE CAPACITANCE

ωin = 1 / Lr C r 0 .

1

k
π
M pk = ⋅ 1 +  Lm
 Qeq
4


whereas, with a decreasing load, the capacitance effectively
increases.

. (15)

(

)



C
1 + Qeq (1 − ω 2n ) + n C n (1 − ω 2n ) − 1 
Qeq



2

For a reasonable value of Cn (Cn = 0.25), the voltagetransfer-function and input-power-factor characteristics
versus ωn and Qeq as parameter are presented in Fig. 9. As
can be seen from Fig. 9, as Qeq decreases, the voltagetransfer-function curves are shifted to the left with an
increased peaking compared to the corresponding curves in
Fig. 6 (Cn = 0). All curves pass through the point (ωn = 1,
M = 2/π). Similarly, the power-factor curves are also shifted
to the left with decreasing Qeq. The shifting of the resonant
characteristics can be explained, similarly as in Section III,
by converting the parallel Cp-Req circuit into a series Cp,serLr

Cr
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Fig.8 Equivalent circuit of SPRR with variable resonant capacitance
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Req,ser circuit. Due to the additional series capacitance, Cp,ser,
to achieve resonance at the input frequency, capacitance Cr
needs to be increased, and, therefore, the resonant frequency
ω r = 1 / Lr C r

of the series resonant circuit Lr-Cr,

decreases, resulting in shifting of the resonant characteristics
to the left. At resonance, the normalized resonant frequency
of the series resonant circuit Lr-Cr is equal to
ω n,res = 1 −

1
⋅
Cn

1
 Qeq
1 + 
 Cn






,

2

(16)

and the peak value of the voltage conversion ratio is
determined as
M pk =

C 
2
⋅ 1+  n 
 Qeq 
π



.

(17)
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It follows from (16) and (17) that with decreasing Qeq, the
normalized resonant frequency ωn,res decreases while the peak
value of the voltage conversion ratio Mpk increases.
As can be seen from Fig. 9 (horizontal dotted line), to
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regulate the output voltage in the same load range, assuming
a constant input voltage, the required variation of the resonant
frequency is significantly smaller if the resonant frequency of
the series Lr-Cr circuit is above the input frequency, i.e.,
ωn > 1, compared to ωn < 1. At the same time, the input
power factor maintains the same value for the same load
above and below ωn = 1. It can be concluded from Fig. 9 that
the preferred area of operation is ωn > 1, which is opposite to
the preferred area of operation of the SRR.
When the magnetizing inductance of the transformer is
taken into account, a parallel resonant circuit is formed in
parallel with the equivalent load resistance Req in Fig. 8. The
resonant frequency of the parallel Lm-Cp circuit is defined as
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The voltage-transfer-function and input-power-factor
characteristics of the SPRR with CDR comply with
expressions (12) and (15), respectively. The only difference
is in the value of the multiplication factor in (12), which is
equal to 1/π instead of 2/π.
It should be noted that the efficiency of the ac VRMs can
be improved by replacing the rectifier diodes in Figs. 3, 4,
and 10 with synchronous rectifiers (SRs).

D2

0
0.4

(18)

If ωp > ωin, the parallel Lm-Cp circuit has inductive nature and
the SPRR shows similar characteristics to the SRR with Lm,
(Fig. 7). If ωp < ωin, the parallel Lm-Cp circuit has capacitive
nature and the SPRR has similar characteristics as shown in
Fig. 9. Finally, if ωp = ωin, the characteristics of the SPRR are
similar to the characteristics of the SRR with an ideal
transformer, shown in Fig. 6. Therefore, the SPRR with a
parallel resonant circuit tuned to the input frequency has the
potential to closely meet the ac-VRM requirements.
The SPRR in Fig. 4 is implemented with a full-wave
rectifier with center-tapped transformer (CTXF). Another
possible implementation of the SPRR is with a currentdoubler rectifier (CDR) as shown in Fig. 10. The equivalent
circuit of the SPRR with CDR is identical to the circuit in
Fig. 8. The only difference is in the value of the equivalent
load resistance, which is for the SPRR with CDR determined
as

Lr

0.2

.
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Fig. 9 Control characteristics of SPRR with ideal transformer
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Fig. 10 SPRR with current doubler rectifier
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V. COMPARISON OF AC VRM TOPOLOGIES
A comparison of the proposed resonant rectifier topologies
for ac VRMs is presented in Table I. Table I lists the
normalized turns ratio of the transformer, the normalized rms
currents of the transformer primary and secondary windings,
and the normalized current and voltage stresses of the
synchronous rectifiers. For simplicity, it was assumed that all
components are ideal. As can be seen from Table I, the
SPRR with CDR has the smallest current stress in the
secondary winding, while the SRR has the smallest current
stress in the primary winding. The synchronous rectifiers in
the SPRR have smaller current stress but larger voltage stress
than in the SRR.
TABLE I
COMPARISON OF AC VRM TOPOLOGIES

N / (Vin,pk / Vo)

TABLE II
MEASURED TEMPERATURES AT 100% LOAD
WITHOUT FORCED COOLING (Tamb = 23 oC)
T(Lr-Fe)

T(Lr-Cu)

T(XF-Fe)

T(XF-Cu)

T(Q1)

T(Q3)

[oC]

[oC]

[oC]

[oC]

[oC]

[oC]

58

60

41

44

42

38

(a) 100% Load (5V/8.5A)

v Cr

i in

SPRR
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0.785

0.637

0.318

Iprim,rms / (Io·(Vo / Vin,pk))

1.41

1.57

1.57

Isec,rms (winding) / Io

0.785

0.707

0.5

Isec,rms (total) / Io

1.11

1

0.5

ISR,rms / Io

0.785

0.707

0.707

2

3.14

3.14

VSR / Vo

current which cannot be neglected at light loads.
Temperature measurements obtained at full load, without
forced cooling are presented in Table II.

v in

(b) 50% Load (5V/4.25A)

VI. EXPERIMENTAL RESULTS
The feasibility of resonant rectifiers for ac VRMs is
illustrated on a regulated SRR with variable resonant
capacitance. The experimental 5-V/8.5-A ac VRM was
designed for a 28-Vrms, 1-MHz sinusoidal ac bus. The circuit
diagram of the experimental ac VRM is shown in Fig. 11.
The transformer and the resonant inductor are implemented
by using planar cores E/PLT 18/4/10. All the MOSFETs
operate without heatsinks. Experimental waveforms of the
input voltage, input current, and resonant-capacitor voltage at
100%, 50%, and 10% loads are presented in Fig. 12. As can
be seen from Fig. 12, at 100% and 50% loads, the input
current is sinusoidal with a small phase delay compared to the
input voltage. However, at 10% load, the input current is
more distorted because of the superimposed magnetizing
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Fig. 11 Experimental ac VRM

Fig. 12 Experimental waveforms of input voltage, input current, and
resonant-capacitor voltage at (a) 100%, (b) 50%, and (c) 10% load
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VII. SUMMARY
In this paper, an evaluation of the resonant rectifiers for ac
VRMs in HF power distribution systems with a sinusoidal ac
bus is performed. Three resonant rectifier topologies are
investigated: the series resonant rectifier (SRR), the seriesparallel resonant rectifier (SPRR) with center-tapped
transformer, and the SPRR with current doubler rectifier
(CDR). The control characteristics of the ac VRMs are
derived and analyzed using the sinusoidal approximation
method.
It is shown that the power factor of the SRR is reduced at
very light loads because of the magnetizing current of the
transformer. This problem is less pronounced with the
SPRR, because the effect of the transformer’s magnetizing
inductance can be compensated by the parallel capacitance of
the SPRR. At larger load currents, the SPRR with CDR is the
preferred topology because of the significantly reduced
current stress in the transformer’s secondary winding.
Experimental results obtained on a 5-V/8.5-A SRR with
variable resonant capacitance designed for a 28-Vrms, 1-MHz
sinusoidal ac bus are provided.
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