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Quasi-Y-Source Boost DC-DC Converter

Yam P. Siwakoti, Frede Blaabjerg, and Poh Chiang Loh

Abstract—In this letter, a new topology called “quasi-Y-source
dc—dc converter” is presented. It inherits all the advantages of the
original Y-source converter. In addition, the new topology draws a
continuous current from the source, which is definitely more appro-
priate for most renewable sources. It also has dc-current-blocking
capacitors, which will definitely help to prevent the coupled in-
ductor core from saturation. Experimental testing has proven the
validity of the proposed network and its application as a high boost
dc—dc converter.

Index Terms—Coupled inductor, dc-ac inverter, dc-dc converter,
impedance source network, Y-source network, Z-source network.

I. INTRODUCTION

HE design of front-end and/or intermediate step-up dc—dc
T converter with a continuous input current and wide range
of voltage gain is one of the most challenging requirements
faced by many distributed power generation and conditioning
systems. It is especially true when intermittent sources like
fuel cells, photovoltaic panels, and wind turbines are used [1],
[2]. To meet this challenging requirement, various impedance
networks have been developed to provide an efficient means
of converting power with a wide range of voltage gain. Im-
provements to the impedance networks by introducing coupled
magnetics have also been lately proposed for achieving even
higher voltage boosting, while using a shorter shoot-through
time [4]. They include the I'-source [5], T-source [6], trans-Z-
source [7], TZ-source [8], LCCT-Z-source [9], high-frequency-
transformer-isolated [10], and Y-source [11] networks. Among
them, the Y-source network is more versatile and can in fact
be viewed as the generic network, from which the I'-source,
T-source, and trans-Z-source networks are derived. It is, there-
fore, a high-gain network with more generic winding design
flexibility for the coupled magnetics.

The Y-source network has earlier been tested as a dc—dc con-
verter, whose schematic is shown in Fig. 1(a) [12]. Its gain has
indeed been proven higher than other classical impedance net-
works even with a smaller shoot-through duty cycle used. Its
current drawn from the source is, however, discontinuous or
pulsating between zero and a finite value, which is certainly
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not appropriate for most renewable sources. A simple modifi-
cation to smoothen the current is presented in [9] by using an
additional input capacitor with the T-source or trans-Z-source
network. The same technique can be applied to the Y-source net-
work like shown in Fig. 1(b). The modified network can indeed
draw a continuous input current, but only when certain capac-
itance ratio between C and C) is accurately set, and parasitic
resistances minimized as much as possible. The modified net-
work can also face the risk of large inrush current at startup and
can face input oscillation caused by input parasitic inductances
and capacitances C and Cy. Another approach for smoothing
the input current should thus be considered, which [13] and [14]
have recommended using an additional input inductor and a
capacitor. These additional components, when used with the Y-
source network, lead to the modified dc—dc converter shown in
Fig. 1(c). Although having an inductor in series with the source
will definitely prevent any step-change in current, the modified
network in Fig. 1(c) will undesirably face higher voltage stresses
across its components, as shown later in the letter.

A third current smoothing technique, which overcomes the
above concerns, is thus proposed in this letter for implement-
ing the new quasi-Y-source boost converter shown in Fig. 1(d).
The proposed converter is again a high-voltage boost converter
implemented with high-frequency magnetics, but with a con-
tinuous input current drawn from the source. It is capable of
handling a wide range of input voltage, while not increasing
voltage stresses sustained by its components. The proposed con-
verter is thus more suitable for renewable power conditioning
systems. In addition, its two capacitors are placed such that they
block dc current from flowing through the coupled inductor, and
hence preventing its core from saturation. Operational princi-
ples and mathematical derivations of the new converter topology
are presented in Section II, before showing its experimental re-
sults in Section III. Findings drawn are finally concluded in
Section IV.

II. PRINCIPLES OF OPERATION

Fig. 1(a) and (d) shows the Y-source dc—dc converter [11] and
proposed quasi-Y-source dc—dc converter. Both converters use
the same coupled inductor with three windings (/N;, N2, N3)
and capacitor C', whose positions in the converters are kept un-
changed. The proposed converter, however, uses an additional
de-blocking capacitor Cs in series with [V} and an input induc-
tor Ly, in series with the source. Its diode D; has also been
moved to between negative terminal of Cy and drain of active
switch SW. Despite these changes, both Y-source converters in
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Fig. 1. Y-source dc—dc converters (a) without input current smoothing, and with input current smoothing based on (b) [9], (c) [13], [14], and (d) the proposed
technique.
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Fig. 2. Equivalent circuits of quasi-Y-source converter when in (a) shoot-through and (b) non-shoot-through states.

Fig. 1(a) and (d) produce two operating states, named respec-
tively as the shoot-through and non-shoot-through states. The
former corresponds to turning ON SW with D; reverse-biased
naturally like in Fig. 2(a). Relevant circuit expressions for this
state can then be written like in (1) and (2), where/Ny, Ny and
N3 are the winding turns of the coupled inductor

No Nd N
- N UL = = 1
V01+vaL vaL 0=vy = N, NzV (1)
Ny
‘/In - ULIn + V(‘Q — v — V’UL — VCl = O = vLIn
1
Ny + N
=Vin + Vo2 = Vo1 — <1Nl2) vr. )

By next turning OFF SW to initiate the non-shoot-through
state, the equivalent circuit changes to that shown in Fig. 2(b).
During this state, D; is also forced to conduct, which when
analyzed, leads to those circuit expressions given in (3)—(5)

N

N3
VC2_'UL_EUL—O:>UL—N1+N3VCQ 3)

Ny + N-
Ly = Vin + Voo — Vor — (1N2) ur @
1
N + N:
Vin —vr,, —v, =0=vo=Ve1 — Voo +<1N2) vy,
1
(5)

State-space averaging, when performed with (1) and (3), then
results in (6) for computing voltage ratio across C; and Cj.
This ratio can obviously be changed by varying dgt, which
represents duty ratio or fractional on-time of SW in a switching
period

N1 Nl
dst + | —————V, 1—4d
(Ns N, ) ST <N1 + N3 02> ( 51)

Vea _ N1+ N3
Ver N

dsT

:0:> .
— N3 1—dgr

(6)

Repeating state-space averaging again with (2) and (4) re-
sults in (7), which together with (6) allows expressions for
the individual capacitor voltages to be derived, as given in (8)
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Fig. 3. Theoretical voltage gain G, of the quasi-Y-source network obtained

with different duty cycle dg1 and coupled-inductor winding factor §.

and (9)
Ny + No
Ny

o

{‘/In +VCQ - VCI - (

N, N-
+%®+%r¢h—<l+2>w}
N
(1—dst)=0= Voo =Vo1 — Vi @)
N N.
1+ 3dSTVvIn
Voo = N2 -3 )
NN,
N, N, BT
o (ldeT)‘/In
VCl— L N1+N2d (9)
Ny — N3

Now, using (3), (5), (8), and (9), the peak value vy of the
network output voltage vo during the non-shoot-through state
can be determined as (10), from which the network voltage gain
G, = 0o /Vin can be determined in terms of winding factor ¢ of
the coupled inductor and boost factor B of the quasi-Y-source
impedance network. More specifically,  and B are defined as

5= %ﬁxz and B = {—5;—, respectively
1
3 = VII = Vll - an. 10
T NNy T T=bdsr - (10)
A AL

From the denominator of (10), the range of variation for dgr
can further be determined as

0 <dgr < dsT max = 1/6. (11

Comparing (10) with its companion expression derived in
[11] for the Y-source network also reveals that winding fac-
tors for the Y-source and proposed quasi-Y-source converters
are different. More specifically, winding factor of the Y-Source
impedance network is determined as K = %1 + ]]:7 3 while wind-
ing factor of the proposed quasi-Y-source network is determined

N”'AZ Despite that, voltage gains generated by both

as § =

TABLE I
GAIN OF QUASI-Y-SOURCE IMPEDANCE NETWORK REALIZED WITH
DIFFERENT WINDING FACTOR () AND TURNS RATIO (N1:No:N3)

5= \\12*\*3% dST max Gain G, Ni:Nsy:N;
2 1/2 (1 —2dgt)™"  (1:3:1), (2:4:1), (3:5:1)
3 1/3 (1—3dsp)™t  (1:2:1), 3:3:1), (2:4:2)
4 1/4 (1—4dgr)™t (@21, (1:3:2), (5:3:1)
5 1/5 (1=5dgr)™t  (3:2:1), (2:3:2), (1:4:3)
6 1/6 (1—6dsr)™  @2:1), (3:3:2), (2:4:3)

networks are the same so long as their winding factors are set
equal (K = 9). Like the Y-source network, voltage gain of the
quasi-Y-source network can therefore also be set equal (§ = 2)
or higher (0 > 2) than that of the Z-source network [3]. This
possibility is demonstrated in Fig. 3 for different . For each
considered 9, different N7 : Ny : N3 ratios are also available
for realizing it, which are collectively summarized in Table I.
These winding ratios must however satisfy the inequalities of
1 < Ny and Ny > N3, which are different from those of 1 < N3
and N3 > N, derived in [11] for the Y-source network. The
proposed quasi-Y-source impedance network, however, has the
advantage of drawing continuous current from the source, which
the Y-source network cannot achieve. Moreover, capacitors C
and C5 help to block dc current from the coupled-inductor, and
hence preventing its core from saturation. These two features
make the topology well suited for renewable power generation.
Regarding the two capacitor C and Cs, their voltage ratings
should also be chosen based on (6), (8), and (9), while their
capacitances should be chosen based on (12). Derivation of (12)
is based on determining current expressions for the capacitors
in each state, and then performing state-space averaging using
them. The derivation is slightly lengthy and hence not shown in
this letter

Cr=(6-1)C. (12)

It should, in addition, be mentioned that the above equations
derived for the network have assumed continuous conduction
mode, where diode D; in Fig. 2(b) will always conduct. This
may not be true when the load, switching frequency and/or input
inductance Ly, is small. A new discontinuous conduction mode
may, in turn, be created when current through D; in Fig. 2(b)
eventually falls to zero, before the next shoot-through state is
triggered. The same discontinuous mode has also been experi-
enced by the first Z-source network proposed, which according
to [15] can be avoided by enforcing a minimum network induc-
tance. For the quasi-Y-source network, it means choosing input
inductance Ly, to be higher than the minimum value computed
with (13). Derivation of (13) is, however, not included to keep
the letter concise
0 VO ut
2fs I in
where f, Iiy, and Vg, represent the switching frequency, av-
erage input current, and nearly constant output voltage of the
converter, respectively.

(13)

LIn,min = (1 - dST) dST
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TABLE II

COMPARISON OF Y-SOURCE DC-DC CONVERTERS SHOWN IN FIG. 1

. Modified Topologies with Continuous Input Currents
Parameter for Original Y-Source - — - - -
Comparison Y-Source with Existing Current Smoothing Techniques Proposed Quasi-Y-Source
Fig. 1(a) Fig. 1(b) Fig. 1(c) Fig. 1(d)
1 1 1 1
Gy = Vour/Vin 1-Kdgr 1-Kdgr 1-(1+K)dsr 1-5dgr
vCl (1 —_ dST)GvVIn (1 - dST)GvVIn (1 — dST)GvVIn (1 —_ dST)GuVIn
Vez NA KdSTGvVIn KdSTGvVIn (8 — 1)dSTGvVIn
VDl (K - 1)valn (K - 1)valln (1 + K)valln (5 - 1)valn
0<dg <d 0<dg <— 0<dgr < 0<dgr <7 0<dgr <3
ST STmax =SS g ST Sy STST1YK =%T S
Very high volt in. . . i in.
- * Very high voltage gain o Very high voltage gain. o Very h.1gh voltage gain
o Very high voltage ® Versatile. o Versatile o Versatile.
gain. o Continuous input current o Contin 0' s input o Continuous input current
Features o Versatile. o High inrush current. currentu us inpu o No inrush current.
¢ Discontinuous input | e Very sensitive to ESR of capacitor and . e Stress on components
e o Higher voltage stress on . _
current. parameter variations. components remains same as of original
e Unwanted resonance due to parasitic. P ) Y-source network.
6.5 - Voltage stress across diode D (Vp) 4 e
Voltage stress across Capacitor C1and C2 . 20 38 7 v
g - -
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Fig. 4. Comparison of voltage stresses across (a) capacitors C; and Cy, and (b) diode D
G, and winding factor K = 4.
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Fig.5. Experimental 300-W quasi-Y-source de—dc converter withd = 5 (NN :
No : N3 =3:2:1=45:30:15).

Similar mathematical derivations for gain and stress have also
been performed on the two converters shown in Fig. 1(b) and
(c), whose continuous input currents are obtained based on tech-
niques discussed in [9], [13], and [14]. The derived expressions
are summarized in Table II for comparison, where it can clearly
be seen that voltage stresses experienced by components in
Fig. 1(b) are the same as those of the original Y-source network

)

1 of converters shown in Fig. 1 when operated with same voltage gain

TABLE III
EXPERIMENTAL COMPONENTS AND PARAMETERS

Parameter/Description Value
Power rating (P) 300 W
Input voltage (Viy ) 50V

Output voltage (Vo y1 ) 200V

DC-blocking capacitors

Input Inductor (L, )
Output buffer capacitor (C's )
Switching frequency (f5)

Shoot-through duty cycle(dsT )

Winding factor (&)

Turns ratio (N7 : Ny : N3)
Switch SW

Diode D

Diode D>

C = 470 uF 400-V Kemet
'y = 150 pF, 400-V Kemet
1.5 mH
470 pF, 400-V Kemet
24.41 kHz
0.15
5
45:30:15 on CO55710A2 core
C2M0080120D
C3D25170H
C3D20060D

shown in Fig. 1(a) if the same voltage gain and winding factor
are set for both converters. The converter in Fig. 1(b), however,
experiences some limitations previously summarized in Section
I, which are again mentioned in Table II for comprehensiveness.
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Fig. 6.
source de—dc converter with dgp = 0.1875, 6 = 5, andf, = 24.4 KHz.

In contrast, voltage stresses experienced by components of the
converter shown in Fig. 1(c) is higher than the Y-source con-
verter shown in Fig. 1(a) even when the same voltage gain and
winding factor are used for both converters. This can be seen
in Fig. 4, where voltage stresses of capacitors C; and Cy, and
diode D, are plotted. Stresses of other components like switch
SW and diode D, are not shown since they are the same for
all converters shown in Fig. 1. In particular, for the converter
shown in Fig. 1(c), its voltage stress across D1 in Fig. 4 is noted
to be much higher, which should hence be avoided where pos-
sible. To summarize, converters modified with existing current
smoothing techniques shown in Fig. 1(b) and (c) are generally
not comparable with the proposed quasi-Y-source converter be-
cause of its unique features mentioned earlier in the section and
summarized in Table II.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A prototype has been built in the laboratory for verifying
the performances of the proposed converter. Layout of the con-
verter is shown in Fig. 5, while its parameters are summarized in
Table III. Among the listed parameters, 6 =5 can be sub-
stituted to (11) for computing the shoot-through range as
0 <dgt < 1/5. The chosen dgt of 0.15 in Table III is thus
a valid value, which, when used, will give rise to a computed

ToaA ) [T60

(d)

e v 3 To0 A (T30 x
[T
|14 paiets

T

Experimental waveforms of (a) original Y-source dc—dc converter in Fig. 1(a) with dgt = 0.1875, K = 4, and f; = 12.6 KHz, and (b)—(d) quasi-Y-

gain of 4 according to (10). This gain is the same as that of
the original Y-source converter when the same dgt and wind-
ing factor K = 5 are used. The output voltage of the proposed
converter will, hence, be boosted to Vo, = 200 V if its input
voltage is set to 50 V. This computed output voltage is indeed
the same as that read from the third experimental trace shown
in Fig. 6(b). The converter is also noted to draw continuous
current from the source, as seen from the second trace shown
in Fig. 6(b). This is definitely different from the pulsating input
current drawn by the original Y-source network, as seen from
the second trace plotted in Fig. 6(a).

The proposed topology with its continuous input current and
high voltage boost is, therefore, more suitable for renewable and
distributed power generation. Its output voltage and current are
also relatively constant and stable, as seen from the third and
fourth traces shown in Fig. 6(b). Its interfacing with external
loads will, therefore, not cause unexpected complications. Other
waveforms showing component voltages and currents measured
from the experimental prototype are given in Fig. 6(c) and (d). In
particular, the fourth trace in Fig. 6(d) shows the current through
winding N; centering along the horizontal zero-axis. This is ex-
pected because of the dc-blocking feature of Cy, which is con-
nected in series with N;. Other measured amplitudes in Fig. 6(c)
and (d) have also been noted to be in agreement with theoretical
values calculated using expressions derived in Section II, which
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to a great extent have verified performances expected from the
network.

To further demonstrate its parasitic sensitivity (caused by
resistances and/or leakage inductances of the coupled magnetics
[16]) and efficiency, Fig. 7(a) and (b) has been plotted. Fig. 7(a)
shows the measured and computed voltage gains of the converter
at different shoot-through duty ratios. As expected, parasitic
influences have caused the two gains to become more different
at a higher shoot-through duty ratio. On the other hand, Fig. 7(b)
shows the converter efficiency at different duty cycles, input
voltages, and output powers, while keeping its output voltage
regulated at 200 V. The figure clearly shows efficiency of the
quasi-Y-source converter being slightly lower than that of the Y-
source converter [12]. This is expected since the quasi-Y-source
converter uses additional input components Ly, and Cy, which
carry high currents when in the boost mode.

The maximum efficiency of the quasi-Y-source converter has
also been read as 93.9% at 10% duty ratio when the load is
200 W. It falls to 88% at the same load when the duty ratio is
raised to 15%. This drop in efficiency at a high shoot-through
duty cycle is presently a concern faced by all impedance-source
converters. Its cause is mainly due to the flow of large shoot-
through current, whose loss contribution can be reduced by using
better graded wires for the coupled magnetics and busbars for
the converter on the printed circuit board. Upon resolving these
issues, power through the converter will be raised to match the
switch chosen and capacity expected from a typical renewable
source tied to the grid.

IV. CONCLUSION

This letter proposes a new quasi-Y-source boost dc—dc con-
verter, which inherits all advantages from the existing Y-source
dc—dc converter. The inherited features include a very high-
voltage boost and flexibility in designing its winding magnetics.
The new topology will, in addition, draw a continuous input cur-
rent that better suits most renewable sources. Its two dc-current
blocking capacitors will also help to prevent saturation of the
coupled inductor. Mathematical derivations and experimental
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results for verification have clearly demonstrated the expected
performances and, hence, practicality of the proposed dc—dc
converter.
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