CHAPTER 6
Interleaved Hybrid Converter for AC and DC Outputs

6.1 Introduction

In recent times, DC loads are gradually increasing along with existing AC loads in modern
residential systems which enables a requirement of hybrid AC and DC system. Although the
proposed converters (TSHGC, HGIBC and SLC-ZSIs) can be used for hybrid systems, they
can only supply either AC or DC loads in their present form, which results in increase in
volume and decrease in power density of the overall system. To take care of these issues, this
chapter presents an interleaved hybrid converter (IHC) for a hybrid AC/DC system to supply
AC and DC loads simultaneously through a single power converter. The IHC is developed
from the switching concept of HGIBC and SLC-ZSIs. The operation and verification of IHC

are given in the subsequent sections of this chapter.

6.2 Interleaved Hybrid Converter

Fig. 6.1 shows an IHC for simultaneous AC and DC outputs [119]. The IHC has five switches
(S, and S; — S,), two diodes (D, and D), two DC capacitors (C and C,) and two interleaved
inductors (L; and L,). Further, it has DC resistive load (R;.) and AC resistive load (R,.)
along with a second-order low pass filter (Ly and Cf). As shown in Fig. 6.1, the IHC has AC
and DC outputs (V,,. and V;.) from a single DC input voltage (V;;,). The salient features of

IHC are as follows.

o It has two operating conditions D + M < 1 and D + M = 1, unlike CHCs.

e Due to the two operating conditions, it has wider ranges of D and M which results in
AC and DC outputs at desired values.

o It has continuous input current with less ripple due to interleaved inductors at the

input side.

e The IHC also has better electromagnetic interference immunity due to its inherent

shoot-through protection capability similar to SLC-ZSIs

The AC and DC outputs of IHC can be independently controlled because of two operating
conditions, unlike CHCs. The IHC gives high voltage gain DC output and reduced harmonic
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distortion in AC output due to wider ranges of D and M. Moreover, the IHC has three
operating modes in the two operating conditions; (1) Mode 1 (D + Dy < 1), (2) Mode 2
(D + Dgt = 1) and (3) Mode 3 (D + D > 1). Due to the three operating modes, the IHC has
three different AC and DC voltage gains.

Although the IHC has two operating conditions, this chapter investigates the performance of
IHC in the operating condition, D + M > 1 only. For analyzing the operation of IHC
easily, the switches (S§; — S4) in HB circuit of IHC are denoted by an equivalent switch S;, as
shown in Fig. 6.1. The power flow of IHC is controlled by shoot-through unipolar SPWM
which is derived from the switching logic of HGIBC and SLC-ZSIs. The voltage between
the points S and 7 (as shown in Fig. 6.1) v;,,, is the voltage appearing across HB circuit and
iiny 18 current drawn by HB circuit of IHC. The AC output of IHC is decided by three states;
power, shoot-through, and zero states similar to SLC-ZSIs. The three states are existed due
to ON/OFF state of S;,. It means that ON state of S;, gives STS and OFF state of S, gives
PS/ZS of IHC. The equivalent circuits of IHC during three states are shown in Fig. 6.2. It is
assumed that D is the steady-state duty ratio of S, and Dy, is the steady-state shoot-through

duty ratio of S,.
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Fig. 6.1. An interleaved hybrid converter for AC and DC outputs.
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Fig. 6.2. Equivalent circuits of IHC (a) during shoot-through state (b) during power state (c¢) during zero state.
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Fig. 6.2(a) shows an equivalent circuit of IHC during STS. The STS (ON state of S;) occurs
due to turn-on of either S;and S, or S, and S5 at the same time similar to SLC-ZSIs. The STS
is inserted into the ZS without disturbing the PS. During the STS, no power is transferred to
AC load. Fig. 6.2(b) shows an equivalent circuit of IHC during PS. The PS (OFF state of Sp)
occurs due to turn-on of S;and S, in a positive half cycle and turn-on of S; and S, in a
negative half cycle of AC output. During the PS, power is transferred to AC load from V.
Fig. 6.2(c) shows an equivalent circuit of IHC during ZS. In the ZS (OFF state of S;), anti-
parallel diodes (Dg; — Dg4) of switches (S; — S,) start conducting along with switches to
freewheel AC filter inductor current through AC load. Further, no power is transferred to AC

load from V;,.

6.3 Operation of IHC

The THC has three operating modes when S, is operated along with S, (i.e., §; —S,). It is
important to mention that the three operating modes of IHC give simultaneous AC and DC
outputs with the operating condition D + M = 1. The detailed operation of IHC in the three

operating modes is explained in the subsequent sections.
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Fig. 6.3. Operating waveforms of IHC during mode 1 operation.
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6.3.1 Mode 1 Operation of IHC

Fig. 6.3 shows operating waveforms of IHC during mode 1 operation. In this mode, the IHC
has a summation of D and Dy is less than 1, i.e., D + Dy, < 1. The inductor currents
(iz1and i;,) and current drawn by HB switches (i;;,,)) are shown in Fig. 6.3 along with gating
pulses (G, and Ggp,) of S, and S;. It can be noticed from Fig. 6.3 that the IHC has three

switching instants during mode 1 operation.

(a) Switching Instant 1 of Mode 1 Operation

Switching instant 1 exists when S, is ON and S, is OFF. As stated earlier that when S, is
OFF, the IHC operates either in PS or ZS. It can be observed from Fig. 6.3 that i;,,,, has finite
value during PS and zero value during ZS. The equivalent circuits of IHC at this switching
instant are shown in Fig. 6.4. At this instant, L, starts charging from V;,, and the stored energy
of L, starts discharging into C, through C and AC load. Meanwhile, D,, is reverse biased and
D,, is forward biased. It is important to mention that switches (S; and S,) start conducting in
positive half cycle and switches (S3 and S,) start conducting in a negative half cycle of AC
output during PS. The power flow diagram of IHC during PS is shown in Fig. 6.4(a). During
7S, S; and Dg3 or S, and Ds, start conducting in a positive half cycle, S and Dg; or S, and
Dy, start conducting in negative half cycle of AC output voltage. The power flow diagram of

IHC during ZS is shown in Fig. 6.4(b).

The corresponding KCL and KVL equations of IHC during PS at switching instant 1 are
given in (6.1).

Vi1 = Vin
Vi = Vin +Vc — Vqc
dvc

i =iz + linw 6.1

dvge . . .
Co Z? = U2 — liny — ldc
liny = ic +ip2
Similarly, the corresponding KCL and KVL equations of IHC during ZS at switching instant
2 are given in (6.2).
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Fig. 6.4. Equivalent circuits of IHC when S, is ON and S, is OFF (a) during PS (b) during ZS.

V1 = Vin
V2 = Vin + V¢ — Vqc
dvc _ .
a2 (6.2)
Co dZ?c iL2 — lac
liny =0

(b) Switching Instant 2 of Mode 1 Operation

Switching instant 2 exists when both S, and S, are OFF. The stored energy of L; is
transferred to C, through D, and D;,, whereas L, is still in discharging mode. As S, is OFF,
the IHC operates either in ZS or PS. It can be observed from Fig. 6.3 that i;,,,, has zero value
during ZS and finite value during PS. Fig. 6.5 shows equivalent circuits of IHC in this
switching state. At this switching instant, the power flow diagram of IHC during PS is shown

in Fig. 6.5(a) and power flow diagram of IHC during ZS is shown in Fig. 6.5(b).
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The corresponding KCL and KVL expressions of IHC during PS at switching instant 2 are
given in (6.3).

V1 = Vin — Vqc
V2 = Vin + V¢ — Vg
dve _ . .
. = "zt lny (6.3)
dvge _ . . : ,
Co 2t i + 12 = liny — ldc

iinv - iC + iLZ
The corresponding KCL and KVL expressions of IHC during ZS at switching instant 2 are
given in (6.4).

Vi1 = Vin — Vgc
Vip = Vip + V¢ — Vgc

dve — —I,
dt L2 (6.4)
dvge _ . , .
Co 2 = wrtle —lac
liny =0
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Fig. 6.5. Equivalent circuits of IHC when both S,; and S;, are OFF (a) during PS (b) during ZS.
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Fig. 6.6. Equivalent circuit of IHC when S, is OFF and S, is ON.

(c) Switching Instant 3 of Mode 1 Operation

Switching instant 3 exists when S, is OFF and S, is ON. It can be observed from Fig. 6.3
that the IHC operates in STS at this switching instant of mode 1 operation. As shown in Fig.
6.3, i,y has finite value and greater than values of [;,,, in switching instants 1 and 2. The
power flow diagram of ITHC at this switching instant is shown in Fig. 6.6. During this
switching instant, the combined energy of L, and C start discharging and L, start charging.
Meanwhile, D, is forward biased and D, is reverse biased. Also, the stored energy of C, is
discharged into DC load R;.. The corresponding KCL and KVL equations of IHC during
STS at switching instant 3 are given in (6.5).

Vi1 =Vin— V¢

V2 = Vin
dvc _ I_
a - (6.5)
dvge ,
C = —i
0 4t dc

liny = U113 + 2
6.3.2 Mode 2 Operation of IHC
Fig. 6.7 shows operating waveforms of IHC for mode 2 operation. Further, the summation of
D and Dg; is equal to 1, i.e., D + Dy = 1. It can be observed from Fig. 6.7 that the IHC has
two switching instants during mode 2 operation. The currents i; 1, i;,, and i;, are shown in
Fig. 6.7 along with gating pulses of S, and S; of IHC. In this mode, I;; has a rising slope
when S, is ON and [;, has a rising slope when S, is ON.
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Fig. 6.7. Operating waveforms of IHC during mode 2 operation.

(a) Switching Instant 1 of Mode 2 Operation

At this switching instant, S, is ON and S}, is OFF. It can be observed from Fig. 6.7 that the
IHC operates either in PS and ZS at switching instant 1. As shown in Fig. 6.7, i;,,, has zero
value in ZS and finite value in PS. The equivalent circuits of IHC at this switching instant
are shown in Fig. 6.4. Further, the operation of IHC at this switching instant is same as that

of switching instant 1 of the mode 1 operation.

(b) Switching Instant 2 of Mode 2 Operation

At this switching instant, S, is OFF and S}, is ON. The operation of IHC at this switching

instant is same as that of switching instant 3 of the mode 1 operation.

6.3.3 Mode 3 Operation of IHC

Fig. 6.8 shows operating waveforms of IHC during mode 3 operation. Further, the summation
of D and Dy, is greater than 1, i.e., D + Ds; > 1. It can be observed from Fig. 6.8 that the IHC
has three switching instants during mode 3 operation. The inductor currents (i;; and i;,) and

current by HB circuit (i;;,,,) are shown in Fig. 6.8 along with gating pulses of S, and S,,.
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Fig. 6.8. Operating waveforms of IHC during mode 3 operation.

(a) Switching Instant 1 of Mode 3 Operation

At this switching instant, S, is ON and S, is OFF. The operation of IHC at this switching

instant is same as that of switching instant 1 of the mode 1 operation.

(b) Switching Instant 2 of Mode 3 Operation

At this switching instant, both S, and S, are ON. The power flow diagram of IHC at this
switching instant is shown in Fig. 6.9. It can be observed from Fig. 6.9 that both diodes (D,
and D)) are reverse biased. At this switching instant, the two inductors start charging from

the V;,, whereas C is in standstill position.
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Fig. 6.9. Equivalent circuit of IHC when both S, and S;, are ON.
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The corresponding KCL and KVL expressions of IHC at this switching instant are given in

(6.6).

V1 = Vin
V2 = Vin
dve _
o =0 (6.6)
dvgc _ .
Co at —ldc
liny = 112

(c) Switching Instant 3 of Mode 3 Operation

At this switching instant, S, is OFF and S, is ON. The operation of IHC in this switching

instant is also same as that of switching instant 3 of the mode 1 operation.

6.3.4 Steady-State Voltage and Power Expressions of IHC

As discussed above, the AC and DC outputs of IHC are controlled by D, M and Dg;. The
steady-state AC and DC voltage gains of IHC in the three operating modes are determined by

applying volt-second balance principle to inductors.

The obtained steady-state AC and DC voltage gains of IHC in the mode 1 operation are given
in (6.7).

Vac _ 1

Vin  1-D—Dg+DDg; } 6.7)
Vacwpk) _ M (1-D) )
Vin  1—-D—Dg+DDg;

The obtained steady-state AC and DC voltage gains of IHC in the mode 2 operation are given
in (6.8).

Vac _ 1

Vin DDg

Vo tﬂ} (6.8)

Vin D

The obtained steady-state AC and DC voltage gains of IHC in the mode 3 operation are given
in (6.9).
(6.9)

Vacwry _ M

Vac _ _2=D=Dg
Vin (1—D)(1—Dst)}
Vin 1-Dgt
As per the AC and DC voltage gains, the AC and DC output powers of IHC in the three

operating modes can be determined from the equations given in (6.10).
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— Vdc2
Pdc ~ R
dc

_ Vacwk®
PaC -

2Rg¢

(6.10)

where P,. and P;. are AC and DC output powers, R,. and R;. are AC and DC load

resistances, V. is the DC output voltage, and Vg (i) is the fundamental peak AC output

voltage of IHC. The AC and DC output voltages of IHC in the three operating modes are

different and controlled by the values of D, M and Dy;.

Table 6.1. Maximum voltage stress on the elements (C, Di. and Sw.) of IHC in the three operating modes

Mode 1 Mode 2 Mode 3
Ve D V; ! % ! V
1-D—Dy+DD;, ™| (1—-D) ™ (1-p) ™
1 1 2—-D-D
Ve 74 — V. sty
0 1 — D _ Dst + DDst in DDst n (1 _ D)(l _ Dst) m
1 1 2—-D-D
Vb V. —V sty
1 1 — D — Dst + DDst in DDst n (1 _ D)(l _ Dst) m
Vp 1-D % ! % ! V,
X . . S /4
1—D - Dg + DDy, " 1- Dst) " 1- Dst) "
Vs 1 V; ! V; ! %4
" |1-D-Dy+DD;, ™| (1-D) ™" (1-D) ™
Vs 1-D % ! % ! V,
* |1=D=Dgy+DDy; ™| (1=Dg) ™ (1—-Dy) ™

6.3.5 Design of Passive Elements of IHC

For the CCM operation of IHC, the minimum values of passive elements of IHC in the three

operating modes can be determined from the inequalities given in (6.11).

VinTsRqcD(1-D)

L, =
L %1% Vac

LZ 2 (Vin—(1-D)Vpc)RacTsD(1—-D)M

xL2% DstVac

C> DstVacTs(1—D—Dst+DDst)

xc% Rgc(1—=D)MV iy,
DTs(DstRgc—M(1—-D))
xco% Rac(1—D)M

Co =

(6.11)

where D, M and D; are same as discussed previously, T is the switching period, V;;, is the

input voltage and V. is the output DC voltage of IHC. Moreover, x;,% and x;,% are
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percentage of inductor current ripples, x:% and x.,% are percentage of capacitor voltage

ripples.

The percentage ripples in inductor currents and capacitor voltages of IHC in the three

operating can be determined from the equations given in (6.12).

V1. DT.
xLl% — L1775
Lqly,
Vi52DT
x2% =5
2112
B (6.12)
0= "oy,
IcoDTs
Xco%o = ——
co CoVCo}

where V;; and V;, are voltages across L, and L,; I;; and I}, are currents flowing through L,
and Ly; V¢ and V¢ are voltages across C and C,; I and I¢, are currents flowing through €

and C, of IHC.

Further, the design criteria of second-order low-pass filter consisting of Cr and Ly which
gives sinusoidal AC output across load terminals is discussed here. The cutoff frequency (f;)
of low-pass filter should be chosen one decade below the switching frequency of IHC to
obtain a 40-dB attenuation for the voltage components at switching frequency and unity gain
at frequency of AC output. As per the above statements and assuming some value of C, value

of Ly can be determined from the equation given in (6.13).

1

6.3.6 Shoot-Through SPWM Technique of IHC

A shoot-through SPWM technique has been derived from the unipolar SPWM technique to
control the power flow of IHC which is similar to the SPWM technique of SLC-ZSIs [115]-
[117]. The switching logic of IHC is also implemented in the FPGA based digital domain for
generating gating pulses of IHC and its equivalent analog representation is shown in Fig. 6.10.
For generating gating pulses, four reference signals are used which are modulating signal
Vin(t), constant signals (V. s, and V. g,) and carrier signal V,.(t). The peak of V,,(t)
determines M which decides magnitude AC output voltage. Further, the frequency of V,,(t)

determines the frequency of AC output. The values of V. 5, and V, g, determine D of S, and
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Dy; of HB switches (S; — S,). The V,,.(t) is a high-frequency carrier signal which determines
the switching frequency of IHC. The STS is placed alternatively within the ZS without
disturbing the PS of IHC. Hence, the alternate insertion of STS during positive and negative
half-cycles of AC output may reduce switching losses and improve the reliability of THC.
Although the SPWM technique of IHC is similar to the SPWM of SLC-ZSIs, it gives
independent control of AC and DC outputs of IHC. The relationship among D, V.. 54, V¢, (£)
and M, V,,,(t), V¢, (t) are given in (6.14).

D V‘C/_Sa
t
D+ M =1 (6.14)
= Ym
Vir
Vs
»] a
“f a>b
(= Lo
Constant Gsa
signal =:1 >b NOT
Vi (1) >0
(1) SE
a > b = =
e
Logic for - Y
Modulating NOT
signal
_: al >b
Vit I—B >
t= NE
a>b
=>»1 b
Constant
signal
S K
a>b
Vtr (t) b >
WA S — .
Logic for NOT N
Carrier GsS
signal 4 a > b
a>b
D > b m G

Fig. 6.10. Analog representation of shoot-through SPWM switching logic of IHC.

6.4 Verification of IHC

The performance of THC is verified through simulation and experimental results under
resistive loading. Although the IHC is capable of operating at two operating conditions D +
M > 1and D + M < 1, its performance is verified at the D + M > 1 only in this chapter for

the operating conditions given in Table 6.2.
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Table 6.2. Operating conditions and list of parameters for the validation of IHC

Parameters Attributes
Input voltage,V;, 48V
Output P;. 400 W
Power P, 100 W
Ly 1.12 mH
Inductors
L, 1.12 mH

Intermediate capacitor,C 470 pF

Output capacitor, C, 220 pF
AC filter inductor, Ly 2 mH
AC filter capacitor, C¢ 10 uF
Line frequency, fjine 50 Hz
Switching frequency, f; 10 Hz

6.4.1 Simulation Results of IHC

The performance of IHC is verified through simulation results in the three operating modes
of D + M > 1 for the chosen operating conditions. As stated earlier that Dy, D and M are
control parameters for achieving AC and DC outputs of IHC. By maintaining D + M > 1 of
[HC, different values of Dy, D and M are considered in the three operating modes which are
given in the subsequent sections. Further, in the simulation results, Y-axis has voltage/current

values having units “V” or “A” and X-axis has time values having a unit “s”

6.4.1.1 Simulation Results of IHC during Mode 1 Operation

The simulation results of IHC during mode 1 operation (D + Dy < 1) are shown in Fig. 6.11
at Dy, = 0.2, D = 0.7 and M = 0.8. Fig. 6.11(a) shows voltage across C, V. = 140 V, output
DC voltage V. = 200 V and fundamental AC output voltage V,.(rms) = 33.94 V for input
voltage V;,, = 48 V. Further, the voltage across C,, V, is as same as V.. It can be observed
from Fig. 6.11(a) that V; and V. have double line frequency (2f;;n.) ripples. The ripples are
appeared due to presence of a double line frequency component of single-phase power.
However, these ripples can be minimized by using higher values of energy storage elements.
Fig. 6.11(b) shows AC load current I,.(rms) = 2.94 A and Fig. 6.11(c) shows DC load
current I;. = 2 A along with V., V,. and V. It can be noticed from Fig. 6.11(c) that /. has

good sinusoidal waveshape with reduced harmonic distortion because of high value of M and
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in phase with V. due to resistive load. Fig. 6.11(d) shows maximum voltage and currents

experienced by the active switches of IHC.
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Fig. 6:11. Simulation results of IHC during mode 1 operation (a) Vi, Vi, V. and V,. (b) Vi, Ve, Ve and 1,
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It can be noticed from Fig. 6.11(d) that peak current drawn by HB circuit is [;,,, = 10.62 A,
voltage appeared across HB is Vs, = 60 V and maximum voltage stress experienced by S, is
Vsq = 200 V. Further, the current [;,,,, has three different magnitudes because of power,

shoot-through and zero states of HB switches. Fig. 6.11(e) shows average currents flowing

156



through inductors (L;and L,) as [;; = 6.61 A and I}, = 3.75 A along with V,;. and V;,,. Fig.
6.11(f) shows voltages experienced by diodes (D, and D,)) as Vp, = —200 V and Vp;, = —60
V along with the input current of IHC, [;;, = 10.42 A and V;,. It can be observed from Fig.
6.11(e) that the inductor currents have opposite slopes which gives low ripple input current

(as shown in Fig. 6.11(f)).
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Fig. 6:12. Simulation results of IHC during mode 2 operation (a) Vi, Vi, V,. and V. (b) Vi, Vye, 1zc and V.
(©) Vin, Vac, Vac and Inc (d) Vin, Vac, I1q and I3 (€) Vin, Vpa, Vpp and Iy () Vig, Vsq, Vsp and I, [Y-axis has
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6.4.1.2 Simulation Results of IHC during Mode 2 Operation

The simulation results of IHC during mode 2 operation (D + Dy = 1) are shown in Fig. 6.12
atDgy =0.3,D =0.7and M = 0.7. It can be observed from Fig. 6.12(a) that voltage across C,
Ve = 160 V, output DC voltage V;. = 228.27 V and fundamental AC output voltage
V,c(rms) = 33.94 V for V;,, = 48 V. Fig. 6.12(b) shows output DC load current I;. = 1.75
A and Fig. 6.12(c) shows AC load current I,.(rms) = 2.95 A along with V., V., and Vj,.
Fig. 6.12(d) shows average currents flowing through the inductors (L and L,) as I;; = 5.83
A and I}, = 4.6 A along with V. and V;;,. Due to the interleaving nature, the input current is
divided between the two inductors and having minimum ripple. Fig. 6.12(e) shows voltages
appeared across the diodes (D, and D) are Vp, = —228.57 V and Vp;, = —68.57 V along
with I;;, = 10.42 A and V;,,. Fig. 6.12(f) shows the peak current drawn by HB circuit of IHC
is Iin, = 10.8 A, maximum voltage appeared across HB circuit is Vg, =68.57 V and

maximum voltage stress experienced by S, is Vg, = 160 V.

6.4.1.3 Simulation Results of IHC during Mode 3 Operation

The simulation results of IHC during mode 3 operation (D + Dy > 1) are shown in Fig. 6.13
at Dy, =04, D =0.7and M = 0.6. Fig. 6.13(a) shows voltage across C, V. = 160 V, output
DC voltage V;. = 240 V and fundamental AC output voltage V,.(rms) =33.94V for V;, =
48 V. Further, the voltage across C, is as same as V.. It can be observed from Fig. 6.13(a)
that capacitor voltages have double line frequency ripples due to presence of a double line
frequency component in the input power of single-phase system. Fig. 6.13(b) shows AC load
current I,.(rms) = 2.95 A and Fig. 6.13(c) shows DC load current I;. = 1.66 A along with
Vic, Voo, and Vi, Fig. 6.13(d) shows maximum voltage stresses across the diodes are Vp, =
— 240 V and Vp, = — 80 V along with [;;, = 10.42 A. Fig. 6.13(e) shows peak current
flowing through HB switches of IHC as [;;,;,, = 11.13 A, maximum voltage stress experienced
by HB switches as Vg, = 80 V and maximum voltage stress across S, as Vs, = 160 V.
Further, the current [;,,,, has three different magnitudes during power, shoot-through, and zero
states of IHC. Fig. 6.13(f) shows average currents flowing through the inductors are I;; =

5.64 A and I}, = 4.87 A along with V. and V},.
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Fig. 6:13. Simulation results of IHC during mode 3 operation (a) Vi, Vo¢, Ve and Vi (b) Vi, Voe, 1 and V.
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6.4.2 Experimental Results of IHC

The performance of IHC is verified through a laboratory prototype as same as that of the
simulation studies of IHC. Fig. 6.14 shows a photograph of the experimental set-up of IHC.

159



Fig. 6.14. A photograph of the experimental set-up of IHC.

6.4.2.1 Experimental Results of IHC during Mode 1 Operation

The experimental results of IHC during mode 1 operation (D + Dg; < 1) are shown in Figs.
6.15and 6.16. at Dg; = 0.2, D = 0.7 and M = 0.8. Fig. 6.15(a) shows voltage across C, V, =
133.7 V, output DC voltage V,;. = 191.4 V and fundamental AC output voltage V,.(rms) =
31.8 V for V;,, = 48 V. Further, voltage across C,, V, is as same as V.. It can be observed
from Fig. 6.15(a) that V- and V. contain double line frequency (2 f;ne) ripples. The ripples
are due to presence of low-frequency components in the current drawn by HB circuit from
the input DC source. However, these ripples can be minimized by using higher values of
passive elements. Fig. 6.15(b) shows AC output voltage V,;, (rms) = 41.3 V without filtering
and Fig. 6.15(c) shows AC load current I,.(rms) = 2.65 A along with V., V. and V. It
can be noticed from Fig. 6.15(c) that [,. has good sinusoidal waveshape with reduced
distortion. For analyzing distortion in I,., a harmonic spectrum of I,. is shown in Fig.
6.15(d). The THD of I, is found to be 1.6%. Fig. 6.16(a) shows output DC load current
Iz = 1.94 A along with Vg, V,. and V. Fig. 6.16(b) shows average currents flowing
through L,and L, are I;; = 6.69 A and [;, = 3.63 A along with V;. and V;,. It can be
determined from Fig. 6.16(b) that percentage high-frequency ripple in I;; as 29.8% and in
I}, as 19.4%. Fig. 6.16(c) shows maximum voltage stresses experienced by D, and D), are
Vpa = —192.6 V and Vp;,, = —60.2 V along with [;,, = 10.34 A and V;,,. Fig. 6.16(d) shows
current drawn by HB switches I;,,,,(pk) = 10.3 A, voltage appearing across HB circuit of
IHC Vg, = 60.1 V and maximum voltage stress experienced by S, Vs, = 193.1 V. It can be
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noticed from Fig. 6.16(d) that the current [;,,, has three different magnitudes due to the

presence of power, shoot-through, and zero states of IHC.
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Fig. 6.15. Experimental results of IHC during mode 1 operation (a) V¢, V4., V,. and Vi, (b) Vyp, Ve, Ve and
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6.4.2.2 Experimental Results of IHC during Mode 2 Operation

The experimental results of IHC during mode 2 operation (D + D;; = 1) are shown in Figs.
6.17 and 6.18 at Dg; = 0.3, D = 0.7 and M = 0.7. It can be observed from Fig. 6.17(a) that
voltage across C, V, = 149.7 V, output DC voltage V;. =211 V and fundamental AC output
voltage V,.(rms) = 31.3 V for V;,, = 48 V. Fig. 6.17(b) shows AC output voltage
V. (rms) = 43.7 V without filtering and Fig. 6.17(c) shows AC load current I,.(rms) =
2.32 A along with V., V., and V;,,. Fig. 6.17(d) shows a harmonic spectrum of /,.. The THD
of I, is found to be 1.78%. Fig. 6.18(a) shows output DC load current I;. = 1.79 A along

with V., V¢, and Vy,,. Fig. 6.18(b) shows maximum voltage stresses appeared across D, and
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Dy, are Vp, = =218 Vand Vp, = —65 V along with [;;, = 10.6 A and V;,,. Fig. 6.18(c) shows
average currents flowing through L; and L, are I;; = 5.81 A and I;, =4.76 A along with
V4 and V;,,. It can be determined from Fig. 6.18(c) that percentage high-frequency ripple in
I, as 27.4% and in I}, as 23.3% of their mean values. Fig. 6.18(d) shows current drawn by
HB circuit I;,,,,(pk) = 10.8 A, maximum voltage appeared across HB circuit of THC Vg, =
67.2 V and maximum voltage stress experienced by S,, Vs, = 159.3 V. It can be noticed
from Fig. 6.18(d) that the current [;,,,, has different magnitudes because of power, shoot-
through, and zero states of IHC.
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Fig. 6.17. Experimental results of IHC during mode 2 operation (a) V¢, V4., V,. and V;,, (b) V,p, Ve, Ve and
Vin (©) Iy, Vye, Voo and Vi, (d) harmonic spectrum of ;..
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6.4.2.3 Experimental Results of IHC during Mode 3 Operation

The experimental results of IHC during mode 3 operation (D + Dy > 1) are shown in Figs.
6.19 and 6.20 at Dg; = 0.4, D = 0.7 and M = 0.6. Fig. 6.19(a) shows voltage across C, V. =
152.8 V, output DC voltage V,;. = 226.4 V and fundamental AC output voltage V,.(rms) =
31.8 V for V;;, = 48 V. The voltage across C, is as same as V.. It can be observed from Fig.
6.19(a) that the capacitor voltages have double line frequency ripples due to presence of a
double line frequency component in the input power of single-phase system. Fig. 6.19(b)
shows AC output voltage V,;, (rms) = 46.34 V without filtering and Fig. 6.19(c) shows AC
load current I,.(rms) = 2.39 A along with V., V. and V. Fig. 6.19(d) shows a harmonic
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spectrum of I,.. It can be noticed from Fig. 6.19(d) that THD of I, is 2.35%. Fig. 6.20(a)

shows average currents flowing through the inductors are I;; = 5.51 A and [}, = 4.79 A

along with V,;. and V;,,. It can be determined from Fig. 6.20(a) that percentage high-frequency

ripple in I;; as 33.7% and in I}, as 34.1% of its average values. Fig. 6.20(b) shows maximum

voltage stresses across the diodes are Vp, = —228.2 Vand Vp;, = — 81.7 V along with [;,, =
10.3 A. Fig. 6.20(c) shows output DC load current I;. = 1.63 A along with V., V., and V;,,.

Fig. 6.20(d) shows I;,,,(pk) = 10.2 A, Vg, = 81.9 V and maximum voltage stress across Sy,

Vs, = 161.2 V. Further, [;,,,, has three different magnitudes because of power, shoot-through,

and zero states of IHC.
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Fig. 6.19. Experimental results of IHC during mode 3 operation (a) V;, Vy., V. and Vi, (b) Vyp, Vg,
Vin (©) Iyc, Vye, Voo and Vi, (d) harmonic spectrum of ;..
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6.4.3 Power Losses in the Elements and Efficiency Variation of IHC as Compared to

BDHC and CFSI

It is important to mention here that power loss calculations and efficiency variation of the
IHC are carried out during mode 1 operation only as shown in Fig. 6.21. As per the discussed
power loss calculations in previous chapters, power losses in the elements of IHC are
determined at a rated power in comparison to two CHCs (BDHC and CFSI). The determined
power losses are shown in Fig. 6.21 along with their efficiency variation at different loading
conditions. It can be noticed from Fig. 6.21(a) that power losses in the elements of IHC are
less as compared to two CHCs. Further, efficiency variation of the IHC at different loading

conditions is carried out in comparison to BDHC and CFSI as shown in Fig. 6.21(b). It can
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be observed from Fig. 6.21(b) that the maximum efficiency of IHC is 91.32%, the maximum
efficiency of BDHC is 86.08% and maximum efficiency of CFSI is 82.45%. It is clear from
Fig. 6.21 that the IHC has better efficiency as compared to BDHC and CFSI for under the
same operating conditions. Moreover, the efficiency of IHC can be improved by avoiding
lengthy wires and by designing a proper PCB layout.
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Fig. 6.21. Power loss distribution among the elements and efficiency variation of IHC as compared to BDHC
and CFSI (a) power losses in the elements of IHC, BDHC and CFSI (b) efficiency variation of IHC in comparison
to BDHC and CFSI.

6.5 Summary

An interleaved hybrid converter (IHC) is presented in this chapter, which gives simultaneous
AC and DC outputs for a hybrid AC/DC system. The IHC is developed from the switching
concept of the HGIBC and SLC-ZSIs. It has operating conditions D + M < land D + M >
1, unlike CHCs. Due to the two operating conditions, it has wider ranges of D and M which
results in DC output with high voltage gain and AC output with reduced harmonic distortion.
As the IHC is developed from HGIBC and SLC-ZSIs, it also has three modes of operations
in the two operating conditions and better electromagnetic interference immunity. The IHC
is capable of giving different AC and DC voltage gains in the three modes of operations. Due
to its interleaving nature, input and output currents have low ripples using lesser values of
energy storage elements. Hence, the IHC has improved power density. Also, it can use lower
current rating devices for higher power applications which results in economical prototype
design. Detailed mathematical modeling of the IHC is carried out and steady-state voltage

gains are determined at the operating condition D + M > 1. Moreover, simulation and
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experimental results have been given to verify the performance of IHC. The power loss
distribution among elements and efficiency analysis of IHC is carried-out to show its

effectiveness in comparison to BDHC and CFSI at same operating conditions.
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