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Steady-State and Small-Signal Analysis of
A-Source Converter

Agasthya Ayachit ', Yam P. Siwakoti
Marian K. Kazimierczuk

Abstract—This paper presents a detailed steady-state analysis
and ac small-signal modeling of the power stage of pulse-width
modulated A-source converter. The voltage and current waveforms
along with their corresponding expressions describing the con-
verter operation are presented in detail. The input-to-output and
input-to-capacitor dc voltage transfer functions are determined.
The minimum inductance required to ensure continuous con-
duction mode is derived. The expressions for the semiconductor
devices stresses are also presented. The dc, averaged equivalent
circuit is derived using the circuit averaging technique. A complete
derivation of the small-signal model including the converter
parasitic resistances are presented followed by the power stage
transfer functions relevant to the capacitor voltage loop, such as: 1)
duty cycle-to-capacitor voltage; and 2) input-to-capacitor voltage.
In addition, the expressions for the network input impedance and
output impedance are derived. Finally, experimental validations of
the derived small-signal models are performed, both in frequency
and time domain for a laboratory prototype of an A-source
converter. The theoretical predictions were in good agreement
with the experimental results over a wide range of frequencies.

Index Terms—A-source converter, circuit averaging technique,
high step-up, impedances, minimum inductance, small-signal
model, steady-state, stress, transfer functions.

I. INTRODUCTION

MPEDANCE-SOURCE converter topologies are becoming
I attractive in many areas including renewable energy,
distributed generation, electric vehicle charging, and battery
operation. It has unique properties such as wide voltage
conversion, load short-circuit protection, and most importantly,
its capability to operate as a voltage source or current source
based on the load profile.
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This buck/boost ability with high immunity to disturbances
and simple seamless control may improve the reliability and
performance of the complete power electronic system.

Since the publication of Z-source network in the year 2002,
various impedance networks have been developed to provide
an efficient means of converting power with a wide range of
voltage gain. Improvements to the impedance networks by in-
troducing coupled magnetics have also been lately proposed for
achieving even higher voltage boosting, while using a shorter
shoot-through time [1]-[3]. They include the I"-source [4], T-
source [5], trans-Z-source [6], TZ-source [7], LCCT-Z-source
[8], high-frequency-transformer-isolated [9], and Y-source [10]
networks. The voltage gain of I'-source increases by a decrease
in the turns ratio [4], on the other hand, the voltage gain of
T-source increases by increasing of the turns ratio [5], different
from both, the voltage gain of the Y-source increases by both
increasing and decreasing its turns ratios [10].

In addition to boost capability, current ripple magnitude of
an impedance source converter is the next factor to consider
especially for distributed power generation. In general, pulsed
current drawn by the converter is nonpreferred since it penal-
izes the input source with increased high-frequency rms current
that may cause higher losses. For example, the pulsating input
current may periodically shift operating point of the converter,
making it difficult to track maximum power point of PV gener-
ation. The high current ripple drawn may also degrade the fuel
cell stack, reducing its power production and life time [12]. An
input filter is therefore needed for smoothing the discontinuous
current at the expense of higher component count and losses.

To address these issues, A-source impedance network was
proposed in [13]. The network utilizes a minimal turns ratio
in its coupled magnetics compared to other Magnetically Cou-
pled Impedance Source (MCIS) networks and have proven to
deliver a high voltage step up at low duty cycles and power
density compared to the other impedance source counterparts.
However, a comprehensive modeling and analysis of dynamic
and stability behavior of A-source converter are still missing
in the literature. The dynamic behavior modeling is essential
to characterize the nature of the A-source converter for closed-
loop control design. Two popular techniques used to determine
the small-signal models are: 1) state-space averaging [14]-[18],
and 2) circuit averaging [19]-[22]. The state-space averaging
technique, although is computationally efficient, it is relatively
challenging to extract the state matrices for higher order sys-
tems including the effect of parasitic resistance of the passive
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A-source impedance network

Fig. 1.  Circuit of the A-source converter.

components. Therefore, considering the significance of control
aspects of the A-source network, this paper uses the circuit av-
eraging technique to transform the nonlinear disjoint network of
MOSFET and diode into a linear two-port network of dependent
current and dependent voltage sources, respectively. The rele-
vant transfer functions relevant to the voltage loop are derived
including the equivalent series resistances of the passive com-
ponents. The major contributions of this paper are summarized
as follows:

1) Derivations of the steady-state current and voltage wave-
forms of the A-source converter in continuous conduction
mode (CCM).

2) Derivations of the expressions for the dc transfer func-
tions, minimum inductance for CCM operation, current
and voltage stresses, and average switch current and diode
voltage waveforms.

3) Derivations of the average large-signal, dc, and ac small-
signal linear time-invariant model of the PWM A-source
converter in CCM by the circuit averaging technique.

4) Derivations of the small-signal duty-cycle-to-capacitor
voltage and input-to-capacitor voltage transfer functions.

5) Derivations of the expressions for the input and the output
impedances.

6) Experimental validation of the predicted analytical results.

This helps readers to understand the insights of various MCIS

networks better for control and system design. In the following
sections, a detailed small signal model for A-source converter
operating in CCM is presented by means of the averaged switch
PWM modeling approach. In Section II, steady-state analysis of
A-source converter is presented in detail with emphasis on CCM
and DCM mode. The derivation of averaged and small signal
linear model of the converter is developed in Section III. The
power stage transfer functions in open loop, such as control-to-
capacitor voltage, input-to-capacitor voltage, input and output
impedances are presented in Section IV followed by parame-
ter selection in Section V. Section VI provides experimental
and theoretical comparison of the average model and the de-
rived transfer functions for all studied MCIS converters, while
Section VII brings the conclusion.

II. STEADY-STATE ANALYSIS OF A-SOURCE CONVERTER

Fig. 1 shows the circuit of a single-phase A-source converter.
The circuit consists of a dc voltage source V7, inductor L, capac-
itors C and Cy, an autotransformer with turns ratio N7 : Ns, a
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diode Dy, transistor .S, and an impedance load with resistance
Ry and inductance Ly, . The time-varying output voltage is v,,
whose amplitude is Vj,,,. The amplitude of the output voltage
Vom is equal to the maximum voltage across the transistor S.
The impedance load can be replaced by a second-order low-
pass filter or a diode rectifier circuit to obtain a dc—dc converter
with A-source impedance network. In principle, the A-source
network can be utilized for dc—ac, dc—dc, ac—dc, or ac—ac en-
ergy conversion. The active transistor .S, typically a MOSFET
is switched at a switching frequency fs, and T'= 1/ f is the
switching time period. The duty cycle of the transistor is Dy;.
The duty cycle recreates the shoot-through state of the A-source
converter similar to that in the other impedance source con-
verter counterparts [1]. The steady-state analysis is based on the
following assumptions:

1) the autotransformer is ideal, i.e., its magnetizing induc-
tance is infinite, the leakage inductances are zero, and the
stray capacitances are ignored;

2) the transistor is ideal, i.e., its rise time, fall time, and ON-
state voltage are zero and their parasitic inductances and
capacitances are ignored;

3) the diode is ideal, i.e., its junction capacitance is ignored
and its ON-state resistance and forward voltage drop are
Zero;

4) the load impedance can be modeled as a current sink;

5) the converter operates in a steady state;

6) the inductors, capacitors, and resistors are linear, time
invariant, and frequency independent;

7) The capacitors Cy and Cy are large enough such that
voltages across them are constant.

The subcircuits of the A-source converter are shown in
Fig. 2(a) and (b). The idealized current and voltage waveforms
of the converter during the two switching intervals are illustrated
in Fig. 3.

A. Shoot-Through Subinterval 0 < t < DgT

The subcircuit corresponding to this interval is shown in
Fig. 2(a). In this time interval, the transistor is ON and the diode
is OFF; hence, ipo = 0 and vg = 0. The voltage across the in-
ductor L is [13]

Ny dig,
vL 7+ c2-l-N1 c1 7t (D
The inductor current iy, is
1 t
7;L = */ ULdt+iL (O)
L Jy
1 Ny .
=7 (VI+VCQ+N1V01)t+ZL 0). 2)

The peak inductor current occurs at t = D, 1" to give [13]

7;L (DstT) ==

DT N- .
£ (VI+VC2+N2V01) +i (0). (3)
1
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(a)
A-source impedance network

L G L,

Fig. 2.

Subcircuits of the A-source converter during shoot-through and non-
shoot-through time intervals. (a) Shoot-through state 0 < ¢ < DgT'. (b) Non-
shoot-through state Dt T < t < T'.

Thus, the peak-to-peak value of the inductor current is

Dy N-
= fs(Lf (VI + Voo + 7Nj VC1> .
4

Aip =g (DgT) — iz (0)

B. Nonshoot-Through Subinterval Dy T <t < T

The subcircuit corresponding to this interval is shown in
Fig. 2(b). In this time interval, the transistor is OFF and the
diode of ON; hence, vpg = 0 and ¢g = 0. The voltage across the
inductor L is [13]

dir,

UL:‘/}f‘/Cl:LE.

&)

The inductor current 7, is

. I . 1 .
171, :*/ ULdt+ZL (DstT):E(‘/}_Vcl)t+ZL (DstT)
0

L

(6)

The peak-to-peak inductor current between the instants D, T’
and T is

1
Aip =i, (T) — i (DStT):f—L(V]—VCq). @)

C. DC Voltage Transfer Ratio for Continuous-Conduction
Mode
The ratio of the voltage across the two capacitors is [13]

VCI ]-*Dst
AL e L E— 8
Ves (3)

(1 + ]X—f) Dy
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Fig. 3. Key current and voltage waveforms of the A-source converter shown
in Fig. 1. (a) Current waveforms. (b) Voltage waveforms.

Applying the principle of voltage-second balance to the in-
ductor L, we obtain

DT T
/ ULdt+ / ULdt =0. (9)
0 DT

Substituting (1) and (5) into (9) and using (8) in (9), we get
the dc voltage transfer ratio between the voltage supply V; and
the capacitor C as

1—Dg 1—Dg
Mer == . T 1-(1+N)D
i 17<2+ﬁ)Dst st
(10)
where N =1+ (Ny/Ny). Similarly, the dc voltage transfer
ratio from the input to the capacitor voltage Cs is

MCZ = — = =
Vi1 - (2 + %) D.;

NDyg,
1—(14+N)Dgy'
(1)
During the non-shoot-through period, the transistor is OFF

and the maximum voltage across the transistor is equal to the
output voltage Vp,, expressed as [3]

Ve
Vom = Vo1 —vp1r = Ver — TQ
Using (8), (10), and (11) in (12) results in the voltage transfer
ratio of the A-source converter for the non-shoot-through period

as [13]

12)

_ VO mo_ 1

M — .
Y7V, T1-(0+N)D,

(13)
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st

Fig. 4. DC voltage transfer ratio M, as a function of the shoot-through duty
cycle Dg; for the A-source converter.

It must be noted that My > Moy > M. The transfer ra-
tios M¢q and M4 are valid for the complete switching period,
while My is valid only for the non-shoot-through period, which
is required to determine the maximum achievable output volt-
age. Fig. 4 shows the plot of the voltage transfer ratio My as
a function of shoot-through duty ratio Dy, at selected values
of autotransformer turns ratio /N. A high voltage gain can be
achieved at low duty ratio at high turns ratio. Assuming that the
converter is ideal, then the current transfer ratio for the nonshoot
period is

Tom 1

= — —1-(1+N)D,

M; = =
! Ilm MV

(14)

where I, is the peak current through the load for the non-
shoot-through period. The average output voltage V) is

1/t 17
VO = VC] = T/ ’Uodt = T/ VOmdt = (1 - Dst)VOm-
0 DT
(15)

Substituting (13) into (15) results in the average output volt-
age as [13]

1—Dg

Vop=—F 2t
T 1-(1+N)Dy

Vi. (16)
Thus, comparing (10) and (16), the average output voltage V)

is equal to the voltage across the capacitor C,i.e., Vo = Vg to

yield the dc voltage transfer ratio for the total switching period

as derived in [13]

1-D st

- 1—(1+NjDSt' a7

v Yo _ Vo
c1 v, v,
The average current through the load resistance is propor-

tional to the average output voltage of the converter, i.e.,

Ip = Vp/Ry. Therefore, the dc current transfer ratio Miay
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Fig. 5. Normalized load current I,,, /2fs L as a function of shoot-through
duty cycle Dy at the CCM/DCM boundary for A-source converter.

for the average currents is

I() 1 71*(1+N)Dst

M = —_— = =
W T Moy 1- Dy

(18)

D. Minimum Inductance for CCM

Using (8), (10), and (11) in (7), the peak-to-peak inductor cur-
rent assuming the current i, (7') = 0 at the boundary between
the CCM and discontinuous conduction mode (DCM) is

Dy NMyVy
fL

Moreover, the dc inductor current is equal to the dc input
current at the boundary to give
Dy NMy Vi

Aip
R T (20)

Aip =i (T) —ip (DyT) = (19)

Ig = I =

Using (14) and (15), the maximum output current at the
boundary between the two modes is

I . Dng‘/] o DstNVOm
OmB — 2st 2stMV
Dy NVon
== Z" 11— (1+N)Dy]. 21
o L [ (1+ N)Dgy] (2D

The normalized output current at boundary 1o, 5/(Vom/
2fsL) as a function of the shoot-through duty ratio Dy, at se-
lected values of the transformer turns ratio is shown in Fig. 5.
The DCM region is enclosed within each curve. The maximum
output current can be determined by taking the derivative of the
current with respect to the duty ratio and equating the results to
zero to get

dIOmB d {DstNVOm

dD., 2f. L

" dD,, [1(1+N)Dst]}_0

(22)
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to yield the duty ratio at the boundary as

1

Dyp = ———.
BT+ N)

(23)

Substituting (23) into (21) results in the minimum inductance
for CCM operation as

NV()m NRLmax
Lmin - -

4(1+N) flomp 41+ N)f,"

Thus, an inductance L > L,,;, should be chosen to ensure
CCM condition.

(24)

E. Expressions for Average Switch Current and Diode Voltage

From Fig. 3, the average switch current is

1 t 1 DT
Is = — igdt = — igdt = I — Ip.
S T/(;Zs TA 18 I @]

The expression for Iy can be determined using (18). Substi-
tuting the result into (25) yields the average switch current as a
function of the input current and duty cycle as

(25)

(26)

where D), =1 — Dy, is the duty ratio of non-shoot-through
period and a3 = NDy; /(1 — D). The average diode voltage
is

1 t 1 DT
Vp = f/ vpdt :?/ (VL — VCl)dt = Dst(VL - VCl)'
0 0

(27)
Substituting (1), (8), and (10) into (25) results in the average

voltage across the diode as

Dst Det
=t NV —— 5t
D, "T=(0+N)D,,

where the coefficientas = NDy; /[1 — (1 + N)D,;]. Constants
az and ay are derived in subsequent sections.

Vp = NV =aVr  (28)

F. Voltage and Current Stresses of Semiconductor Components

The maximum current and voltage stresses of the transistor
S and the diode D, are determined as follows. The maximum
voltage stress Vgyr of the transistor S is

‘/SM = VOm . (29)
The maximum current stress Igy is
A

I = Is + =~ (30)
Using (4) and (25) in (30) results in

Dsz‘, DstDst/V} N
Isyy = =—NI . 1
M= 1+ 5L 1=+ N) Dy (3D

The maximum voltage stress Vpy across the diode Dy is

VDM = NVOm. (32)
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L
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Y
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Nonlinear switching network

Fig.6. Circuit of the A-source converter with the nonlinear switching network
as a two-port network.

The maximum current stress Ipy of Dy is

A Dy |1 —(1+N)Dygy
Inv = Dy Iy — Ipo + 2L= ¢l (N ) t]II

DstDst/V}
2fsL

N
wn)

III. DERIVATION OF AVERAGED AND SMALL-SIGNAL
LINEAR MODELS

The circuit averaged dc and low-frequency ac models of the
A-source converter is developed using the circuit averaging
technique [16]-[20]. The nonlinear switching network in the
A-source converter is shown in the form of a two-port network
in Fig. 6. The expressions for the average switch current and the
average diode voltage are given in (26) and (28), respectively.
It can be seen that the averaged switch current /g is expressed
as a function of the input current I7, while the averaged diode
voltage Vp is expressed in terms of the input voltage V;. Thus,
the two-port switching network comprising the transistor and the
diode can be replaced by controlled current and voltage sources,
respectively. Fig. 7(a) shows the complete averaged model of
the A-source converter. Using the circuit averaging technique,
the transistor is replaced by a current-controlled current source
as I and the diode by a voltage-controlled voltage source as V;
in accordance with (26) and (28), respectively. Fig. 7(b) shows
the simplified dc model of the A-source converter, where the
inductor is replaced by a short circuit and the capacitor is re-
placed by an open circuit. Subsequent analysis relevant to the
development of the small-signal model makes the following
assumptions:

1) Converter operates in CCM.

2) The autotransformer is ideal, i.e., its magnetizing induc-
tance is infinite, the leakage inductances are zero, and the
stray capacitances are ignored.

3) The magnetizing inductance of the autotransformer is in-
finite and does not store any energy. Therefore, the mag-
netizing inductance does not contribute to the order of the
transfer functions.
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are determined in (41).

The averaged model shown in Fig. 7(a) is perturbed by in-
troducing small-signal perturbations superimposed on the dc
currents, voltages, and duty cycle. The result is a large-signal
nonlinear model. The perturbations in the duty cycle, input volt-
age, and input current are dg;, v;, and 7;, respectively. There-
fore, the large-signal duty cycle, input voltage, and input current
are drgy = Dy + dgt, vi = Vi +v;, and i = I + 1;, respec-
tively. Applying the perturbation to the switch current given in
(26) results in its large-signal expression

drs . dp

/T(t — Nij— Tst
det Dst - dé’t
where df,, =1 — (Dg +ds) = D), — ds;. The large-signal
diode voltage is obtained by perturbing the input voltage and
duty cycle in (28) to get

ig = 1Ig + iy = Nig

(34)

dT st

vp = Vp Jrvd:Nv]m. 35)
Manipulating (34) and (35) results in
Dy Is + Diyis — Isdg — dgyis

=DyIrN + I1Ndy, + NDgi; + Ndgi;  (36)

and
Vb[1=(14+N)Dy]—Vp (14 N)dy
+[1 =1+ N)Dg]vg+[1— (14 N)Ds]dsvg
— NV;Dy, + NVidy + NDyvi + Ndyvi. (37

The equations presented in (36) and (37) consist of dc terms,
first-order ac terms, and high-order ac nonlinear terms. The
principle of linearization can be applied to these equations by
considering the following conditions:

Dst > dst
I >
Vi > ;. (38)

Thus, by applying the small-signality conditions in (38) to
(36) and (37), i.e., equating dvy = dv; = 0 results in the lin-
earized small-signal diode voltage and switch current as follows.

(b)

DC model of the A-source converter obtained using circuit averaging technique. (a) Complete dc model. (b) Simplified dc model. Constants as and a3

The small-signal diode voltage is

Vg = NVi de; + Dyt NV v;
T h-a+ND T -GN D]
= arldgt + a9 ; (39)
and the small-signal switch current is
. Dy N NI .
iy = Dt’t 1 + 7D’2tl dgt = a3ty + asdg; (40)
where the coefficients a;, as, as, and a4 are
NV
a; = p)
[1 = (14 N)Dg]
Dy N
as =
[1 - (]—+N)Dst]
S Dy N
P D,
NIy
gy = —5. (41)
D,

By applying the principle of superposition, the large-signal
diode voltage and switch current expressions using the dc equa-
tions in (26) and (28) and small-signal linear equations in (39)
and (40) are

(42)
(43)

vp = Vp +vg = ardg + asv; +asVr

ig = Ig + iy = agl; + azi; + asdg;.

Fig. 8 shows the large-signal model of the A-source converter
representing the large-signal diode voltage and switch current
equations given in (42) and (43), respectively. The complete
small-signal linear model of the A-source converter obtained
using the circuit averaging technique is shown in Fig. 8. For
the sake of simplicity in deriving the transfer functions, the
subsequent analysis considers lumped impedances and they are
represented as follows:
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Fig. 8. Large-signal model of the A-source converter showing dc and ac small-signal components.
Zr, =1y +sL
Zcr =rer + L
SCl
Zey =re2 + L
SCQ
Z,=Rp +sLy. (44)

In this paper, an ideal autotransformer is used. The following

assumptions are made in the subsequent analysis:

1) In the A-source converter, the autotransformer does not
have to store energy during the switching intervals. Its
magnetizing inductance is infinite, i.e., the autotrans-
former does not possess a state variable. Therefore, the
order of the transfer functions is unaffected by the auto-

transformer.
2) The parasitic resistances and parasitic capacitances are
negligible.
3) The primary and secondary windings are perfectly cou-
pled.
The dependent voltage and current equations are
. Ns .
i = —1
il i 12
Ny
= —= 45
vz = v 45

Using (45), a basic ideal two-winding transformer can be rep-
resented in terms of dependent current and voltage sources and
it is shown in Fig. 9(a). Similar approach can be adopted for
an autotransformer. An equivalent two-port representation of a
two-winding autotransformer is shown in Fig. 9(b). The result-
ing small-signal linear model of the A-source converter with
the switch S, diode Dy, and the autotransformer represented by
their equivalent models is shown in Fig. 10.

IV. POWER STAGE TRANSFER FUNCTIONS AND
IMPEDANCE EXPRESSIONS

The small-signal model shown in Fig. 10 is used in the subse-
quent analysis to determine the power stage transfer functions.

@

(b

Fig. 9. Circuit and model of two-winding ideal transformer and autotrans-
former. (a) Noninverting transformer circuit and model. (b) Inverting autotrans-
former circuit and model.

The four main power stage network functions relevant to the
design of voltage control loop are:

1) control-to-capacitor voltage Ty;

2) input-to-capacitor voltage M, ;

3) input impedance Z;;

4) output impedance Z,,.

The fundamental state equations, which are applicable to the
complete small-signal model are as follows. Applying KCL at
the node connecting the diode branch, capacitor C', and winding
L, gives

Vel . Vel N. 2

+ —1i2.
Zcr N

(55)

Applying KCL at the node connecting the inductor L, diode
branch, and the winding Lo yields

. . . Vel .

P = = —— + Nijs.

1 =1 + U2 Zen + N

(56)

Using KCL at the node connecting the autotransformer, tran-
sistor branch, and the load results in

Yo (57)

42 + 11 = Nigg = azi; + asdg + 7
xr
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Fig. 10.  Small-signal linear model of the A-source converter.

Applying KVL to the loop comprising the input voltage v;,
inductor L, diode branch, and capacitor C yields

vy = 4241 — a1dsg — AoV + Ve (58)

Applying KVL to the loop between the input voltage source
and the load gives

v =441 — 2 Zcoa — Vg + Vo (59

Finally, applying KVL to the output loop comprising the
winding Ly, capacitor C, and the load is

(60)

—U1 + Vel = V.

The subsequent sections determine the closed-form expres-
sions for the aforementioned transfer functions.

A. Control-to-Capacitor Voltage Transfer Function Ty

Fig. 11(a) shows the small-signal model required to deter-
mine the control-to-capacitor voltage transfer function 7};. The
model was obtained by letting the perturbations v; = 0 and
i, = 0. The state equations provided in (46)—(51) are used and
the condition v; = 0 is substituted for the relevant terms. The
control-to-capacitor voltage transfer function in the impedance
form is expressed in (52). The constants a;—a, are determined
in (41) and the impedances are described in (44). Complete
derivation of the transfer function in terms of components is
cumbersome. Basic steps to derive are provided in Appendix.

B. Input-to-Capacitor Voltage Transfer Function M,

Fig. 11(b) shows the small-signal linear model required to
determine the input-to-capacitor voltage transfer function M, .

and i, = 0. The resulting state equations are obtained by sub-
stituting ds; = 0 into (46)—(51). The input-to-capacitor voltage
transfer function in the impedance form is as given in (53).
Similar to (52), one can derive the s-domain form of (53). The
Bode magnitude and phase analysis for these high-order sys-
tems can be performed accurately using computation tools such
as MATLAB.

C. Input Impedance Z;

Fig. 11(b) shows the small-signal linear model required to
determine the expression for the input impedance Z; of the
A-source converter. The model was obtained by letting the
perturbations ds; = 0 and ¢, = 0. By substituting d,; = 0 into
(46)—(51), the input impedance is as given in (54), see (52)—(54)
shown at the bottom of the page.

D. Output Impedance Z,

Fig. 11(c) shows the model to determine the output impedance
Z, of the A-source converter. A sinusoidal test current source
iy is placed in parallel to the load branch. The perturbations d;
and v; are equal to 0. Thus, the controlled voltage sources in the
diode branch are treated as short circuits, while the controlled
current source a; d; is treated as an open circuit. The equations
required to determine the expression for the output impedance
Z, are as follows. Applying KCL at the the autotransformer and
switch node gives

. ) ) ) Ny . .
bg = f12 + i1 = 42 + =12 = Nip.

The model was obtained by letting the perturbations dy; = 0 N (55)
oo Vel _ (N?ay (1 —a3) Zy — a1 Zoo —axNZy, — asN? Z, Z1,| Ny Zey (52)
- dst  N2N1Z, [Z + (1 —a3) Ze1) — NiZoo (Z1 + Zer) + N2N1 Z Zen
Mo e N1 Zoy [(1—a3) N> (1 +ag) Z, — (14 az) Zeo — NZp ]
Yw N2(L—a3) Zy [N1Zer + (1 —a3) Ni Zp) — N1 Zeo (Z, + Zer) + N3Z, (M NagZ, — N1 Z, — NoZcy )
(53)
g U N*N\[(1 = a3) Zo Zor + Z1 (Ze + Zo1)] = N1 Zo2 (Zi + Zoa) + 2a3N1 Zo1 Zo (54)

i Ny (1+a2)(N*Z, — Zco) + N2N1 Zc1 + NNoas Ze
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A-source impedance network

i L G vy i i L G Xy v i
— Ay N - ~ry Ay 0N ° -
= /T — Vie
i SVat 2 i - Vo + in o
d¢ L, Vi d¢ Vi Ly
de Vi=0 @ ayV; —ii/z v
+ asi;
Re Cl/l\ Vel R
(a) (®
— o
Vi .
Ly
Vi it
asi; )
Cl/[\ Re
\d = _x @
(©)
Fig. 11.  Small-signal linear models required to determine: (a) duty cycle-to-capacitor voltage transfer function Tg; (b) input-to-capacitor voltage transfer

function M, and input impedance Z;; and (c) output impedance Z, .

Applying KCL at the output node yields
b b
ZJ? Z.Z?

The current through the secondary winding of the autotrans-
former is

i = agi; + 5 +iq = azi; + — + Nip. (56)

R o 57)
Applying KVL between the load and the capacitor C
Vil = Vel — V¢ (58)
and the voltage across the capacitor C is
Vet = b Zoq. (59)

Using (55)—(59), the expression for the output impedance 7,
of the A-source converter is
Zo - ﬁ
4
B Zy (ZerZoos + ZyZos + N*Zea Z1)
N2ZcilZp + (U —a3) Z) + N2 Z1. Zo + Zeo (Zoy + Z1)
(60)

V. DESIGN AND SELECTION OF COMPONENTS

This section presents the design of the A-source dc—ac con-
verter. The minimum inductance, current, and voltage stresses
as well as the appropriate components are determined. The spec-
ifications of the A-source converter are as follows: input supply
voltage V; =50V, maximum output power during shoot-
through Pp = 400 W, switching frequency f; = 30kHz, and
desired maximum output voltage during shoot-through Vp,, =
200 V. An autotransformer with turns ratio N7 : Ny = 1 : 1 was
selected resulting in N = 1 + Ny /N; = 2. The load resistance

TABLE I
SPECIFICATIONS AND COMPONENT VALUES USED FOR THEORETICAL AND
EXPERIMENTAL ANALYSES OF A 400-W A-SOURCE INVERTER

Parameter/Description Value/Part Number
Power rating Pp 400 W

Input voltage V7 50-150 V
Output voltage Vo 200 V

Capacitor (] 100 pF, 400V, 0.5 © Kemet
Cs

Inductor L 1.2mH, 0.5 Q

Load Ry, 200 ©

Turns ratio Ny : Ny 2020=1.1N=2

Duty cycle Dg; 0.1-0.25

Switching frequency f; 30 kHz

Switch S IPW60R041C6

Diode Dy IDW40G65C5

is R, = V2, /Po = 200 € and the maximum output current is
Io,m = 1 A. The dc voltage ratio for the non-shoot-through pe-
riodis My = Vi, /Vi = 4. The dc voltage transfer ratio for the
complete switching period between the input and the capacitor
C is M¢y = 3. Therefore, from (13), the shoot-through duty
cycle can be calculated as Dy; = 0.25. Using (10) and (11), the
dc voltages across the capacitor for the entire switching period
is Vo1 =150V and Vo = 100 V. Using (24), the minimum
inductance to establish CCM operation is

NRy, 2 % 200

Lrnin: =
4(14+N)fs  4x(1+2)x30x10°

= 1.11 mH.

(61)

An inductor with L = 1.2mH was selected. The peak-to-
peak inductor current ripple using (19) for L = 1.2mH is
Aip = 2.77A. As the maximum output current is known,
the maximum input current can be determined using (14) as
Ir = My Io,,, = 4 A. The average output current using (18)
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Fig. 12.

is Ip =Vo /Ry, = Ve /Ry = 150/200 = 0.75 A. Therefore,
using (18), the average input current is Iy = Mc1lp =3 X
0.75 = 2.25 A. The average switch current using (26) is Ig =
1.5 A. The average diode voltage using (28) is Vp = 100 V.
The voltage stress across the transistor using (29) is Vgy =
Vom = 200V. The maximum current stress of the transis-
tor using (30) is Igy = 2.885 A. The MOSFET chosen was
IPW60R041C6 by Infineon Technologies with maximum drain-
to-source voltage Vpsmax = 650V, typical ON-state resistance
Rpsen = 0.041 €2, continuous drain current Ip = 77.5A at
25 °C, pulse drain current Ippear = 272 A at 25 °C, and output
capacitance C, = 235 pF [26]. The maximum voltage stress
of the diode using (32) is Vpn = NV, = 400 V. The maxi-
mum current stress of the diode using (33) is Ipy = 1.0729 A.
The diode chosen was IDW40G65CS5 by Infineon Technologies
with maximum reverse voltage Virmax = 650V, forward volt-
age Vi = 1.5, and continuous forward current I = 40 A at
25 °C [27].

The derivation of the expressions required to determine the
capacitances C; and C, are identical to that for galvanically
isolated impedance source dc—dc converters and are derived
in [3]. The capacitances can also be derived using the expres-
sion for the winding currents based on the techniques in [24]
and [25].

Using the results from [3], the following capacitors are se-
lected C; = 100 uF and Cy = 220 puF. Table I summarizes the
specifications and components used in the experiments.

Measurements setup for capturing the frequency responses of: (a) Ty, (b) My, (¢) Z;, and (d) Z,.

VI. EXPERIMENTAL RESULTS

The A-source prototype was designed for the specifications
provided in Table I, built, and tested to validate the theoretical
predictions. The parasitic resistances of the passive components
have been included in predicting the magnitude and phase of the
network transfer functions 7,; and M, and the impedances Z;
and Z,. The setup used for measurements is shown in Fig. 12.
Keysight 5061B network analyzer was used to capture the Bode
magnitude and phase plots of the transfer functions and the
impedances. A variable-frequency small-signal sinusoidal volt-
age was injected into the power stage through a Picotest 2101A
Injection Transformer of a bandwidth 10 Hz — 45 MHz for
control-to-capacitor voltage response. Similarly, Picotest 2120A
Line Transformer was used to measure the input-to-output volt-
age response. A dc blocking capacitor was used to suppress the
dc component from entering the power stage as well as the out-
put probes while measuring the output impedance. An LM 1630
op-amp was used to realize the op-amp analog pulse-width mod-
ulator. A measurement procedure similar to [28] was followed
to capture the best frequency response from the test setup. The
transfer functions were measured at the following dc operat-
ing conditions: dc supply voltage V; = 50 V and shoot-through
duty cycle Dy, = 0.1.

The network required to measure the duty cycle-to-capacitor
voltage transfer function 7y is shown in Fig. 12(a). Fig. 12(a)
illustrates the predicted and measured Bode magnitude and
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Fig. 13.  Predicted and measured Bode magnitude and phase plots of: (a) Ty and (b) M, for the A-source converter.
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Fig. 14.  Predicted and measured Bode magnitude and phase plots of (a) Z; and (b) Z,, for the A-source converter.

phase plots of the transfer function 7);. The expression for
the duty cycle-to-capacitor voltage transfer function was de-
rived in (52). The modulator gain 7}, = 20log(1/Vy,, ), where
Vi is the peak value of the saw-tooth waveform was added
to the theoretical transfer function to achieve good agreement
between the predicted and measured results. The gain at dc was
Tuo = 42.9dB = 140 V/V. A pair of complex conjugate poles
is located at 450 Hz. The phase crosses —180° at 1 kHz, drops
to —220° and rises to —180° at high frequencies. Therefore, the
A-source network is a nonminimum phase (NMP) system with
a right-half plane zero in the duty cycle-to-capacitor voltage
transfer function. The following was observed: the predicted
transfer function 7; was of order 3. By inspection, one could
state that the converter with four reactive elements must result
in fourth-order transfer functions. However, from Figs. 2(a) and
(b), it can be seen that the reactance to current flow is only by

L, Cy,and C5 during 0 < t < DT and the reactance is due to
L, C5, Ly, during the interval D, T <t <T.

Fig. 13(b) shows the predicted and measured frequency re-
sponses of the input voltage-to-capacitor voltage transfer func-
tion M, . The network used to capture the measurement data is
shown in Fig. 12(b). The expression for the input-to-capacitor
voltage transfer function was derived in (53). The gain at dc is
M,y = 3.8dB = 1.55V/V. The phase tends to zero degrees at
high frequencies due to the zero produced by the capacitance
C' and its equivalent series resistance ¢ .

Fig. 14(a) shows the predicted and measured magnitude and
phase plots of the input impedance as a function of frequency.
The expression for the input impedance was derived in (54).
The input impedance decreases from Z; = 862 at 10 Hz to
nearly 0.3€2 at the corner frequency and increases with fre-
quency, thereafter. The phase plot indicates that the converter
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Fig. 15. Response of capacitor voltage v for a step change in duty cycle by 0.1 at Vi = 50 V and R, = 120 (2. (a) Predicted. (b) Measured.
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Fig. 16. Response of capacitor voltage v for a step change in input voltage by 10 V. (a) Predicted. (b) Measured.

is capacitive at low frequencies, nearly resistive at the corner
frequency, and is inductive at high frequencies and are common
features of boost-derived converters. Fig. 14(b) shows the pre-
dicted and measured magnitude and phase plots of the output
impedance as a function of frequency. The expression for the
output impedance was derived in (60). It can be seen that the
output impedance decreases from Z,y = 102 at dc to nearly
1.8 Q2 up to the corner frequency, then increases with increas-
ing f to reach 92 at the corner frequency, and decreases with
an increase in frequency. These characteristics are typical for
impedance source converters [1], [2].

Fig. 15 compares the predicted and measured responses of
the capacitor voltage v for a step change in the duty cycle by
ADg =0.1atV; =50V and R, = 120 2. The initial steady-
state voltage was measured as Vi1 = 77 V. The RHP-zero in T,
transfer function results in undershoot in the voltage response
at the instant of step change. The final steady-state voltage was
nearly 140 V obtained for a settling time of 12 ms. Fig. 16 shows

the predicted and measured responses of the capacitor voltage
ve for a step change in the supply voltage from 35 to 45 V.

VII. CONCLUSION

This paper has addressed a detailed steady-state analy-
sis, design, and modeling of the A-source converter. The A-
source converter can be classified as a high step-up, isolated,
autotransformer-based circuit topology. The analytical expres-
sions for the key current and voltage waveforms have been
derived.

The expressions for the dc voltage transfer functions between
the supply voltage to the output voltage and the capacitor volt-
age for the converter operating in CCM have been obtained.
The minimum inductance required for the converter operation
in CCM has been derived and the boundary conditions between
continuous- and discontinuous-conduction modes have been an-
alyzed. The voltage and current stresses of the semiconductor
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switches have been determined. The expressions for the average
switch current and diode voltage required to establish a dc and
low-frequency, averaged model of the A-source converter have
also been derived. The nonlinear, disjoint PWM switch of the
converter has been approximated by an averaged linear model
by using circuit-averaging technique. The large-signal averaged
model, dc, and ac small-signal linear model of the power stage
of A-source converter operating in CCM have been developed.
A method to model the autotransformer in the form of dependent
voltage and current sources has been shown. The power-stage
duty cycle-to-capacitor voltage and input-to-capacitor voltage
transfer functions and the network input and output impedances
have been derived. The transfer functions take into account the
equivalent series resistances of the passive components.
A-source converter prototype was designed, built, and tested.
The following transfer functions were measured using the Ag-
ilent E5061B wide-bandwidth gain/phase network analyzer:
duty cycle-to-capacitor voltage, input-to-capacitor voltage, in-
put impedance, and output impedance. The response of the ca-
pacitor voltage for step changes in the control voltage and the
supply voltage were predicted and obtained through experiments
as well. The theoretically predicted step responses were found to
be in good agreement with the experimental step responses. The
theoretically predicted and the experimentally obtained Bode
plots of the derived transfer functions were in good agreement
up to half the switching frequency, thereby validating the derived
small-signal models. The A-source converter is a nonminimum
phase system and exhibits a zero in the right-half of the s-plane.

APPENDIX

The duty cycle-to-capacitor voltage transfer function in s-
domain is obtained by substituting (44) into (52) to get

_N1 (sCireq +1) (G383 + Gos® + Gys + GO)

Ty = >
d Hys* + Hys® + Hos? + Hys + Hy
(A1)
where the coefficients of the numerator are
GU = ap
G| = CLITCQCQ + a1 NrpCy — N2a1 (]. — a3) RLCQ
+ a4N2RLTLCQ
Gy = a1 NLCy + a4N26’2 (LRL + Ly Ry)
— N%ay (1 —a3) Ly CyG3 = ayN*LL; Cy  (A2)

and the coefficients of the denominator are
Hy=-1
H =N?*(1—a3+7r)Cy —Cy (rp +rc1) — reaCy
Hy = N?r,R.C\Cy + N°C Corcy (1—ag +11)
+ N?LCy — Cy (rpreaCo + L) — ra1reaCr Co
Hs = N*C1Cy (rp Ly + Ry L + Lrey) — C1Ch Lres

H, = N*C,CyLL;. (A.3)
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