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Abstract: The main objective of the paper is to provide a thorough analysis of currently used modulation
control schemes for single phase bidirectional dual active bridge DC/DC converter. In this article, it will be
shown that single phase shift, extended phase shift and Dual phase shift modulation schemes are special cases
of triple phase shift (TPS) modulation scheme. The article aims to highlight six TPS switching modes and their
complements with the operational constraints. Unlike previous studies that regarded TPS as a complex scheme,
this paper simplifies the analysis of each mode and aims to standardize the understanding of TPS modulation
in DAB converters. Power equations, range of power transferred and zero voltage switching (ZVS) are derived
for all the modes under TPS without assuming fundamental component analysis. Additionally, a generic
optimization algorithm is developed to show the advantages of TPS modulation and thus, detailed analysis
presented in this paper provides valuable insights for single phase DAB converter designers in identifying a
wide range of optimization algorithms to achieve higher efficiency under TPS modulation. This analysis
contributes to the advancement of bidirectional DAB converter technology and facilitates its application in
various power electronic systems.

Keywords: dual active bridge converter (DAB); triple phase shift control (TPS); modes of operation;
reactive power; zero voltage switching (ZVS)

1. Introduction

DC/DC converter is a key component in various power electronic systems and several
bidirectional DC-DC topologies have been suggested in literature for low to medium power
applications, such as solid-state transformers, battery charging/discharging, electric vehicles, and
interruptible power supplies (UPS) [1-5]. These DC/DC converters are generally categorised into,
hard switched or soft switched, single, or multi-phase, voltage source or current source, transformer
isolated or non-isolated DC-DC converters [ 6-8]. Single phase isolated bidirectional dual active
bridge DC/DC converter (DAB) of Figure 1 (a) comprises of two active H bridges, two DC link filter
capacitors, external series inductor (Lex) and AC transformer. Bridge A and B, consist of four switches,
S1- 54 and Q1-Q« with integrated anti-parallel diodes. It offers the advantages of reduced passive
components (only a single series inductor), galvanic isolation, extended region of soft switching, fast
power reversal, high power density, buck/boost operation, possibility of high stepping ratio of
conversion, simple control methods and its inherent fault isolation capability without a need for a
very fast controller to limit fault current or blocking of the IGBT switches during the fault duration
[9-11]. AC equivalent circuit of the DAB converter is illustrated in Figure 1 (b) by referring the
converter to the transformer primary
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Figure 1. (a) DAB circuit diagram (b) Lossless AC equivalent circuit diagram.

side, neglecting transformer magnetizing inductance, adding transformer leakage inductance to
the external inductor to form Ltw, and with #:1 transformer turns ratio. The magnitude of the external
phase shift between switches S: and Q: of Figure 1 (a) regulates the amount of power transferred
between the two converter H- bridges while direction of power flow is achieved by changing its
polarity.

The primary emphasis of recent research on dual active bridge (DAB) converters has been on
enhancing efficiency through the development of modulation control strategies [9-10, 12-24]. closed
loop control [25-29], circuit topology [30-31] and use of low loss switching devices [32-33].
Modulation schemes for dual active bridge (DAB) converters have emerged as a significant research
area, with a focus on optimizing existing methods. Several proposed modulation schemes have been
explored in literature, which primarily target overall efficiency maximisation. This includes
conventional s/single phase shift (CPS/SPS) modulation [10], Dual phase shift (DPS) modulation
[13,14,16,17], extended phase shift (EPS) modulation [18-19], Triple phase shift (TPS) modulation [34],
Pulse width modulation (PWM) [15] and variations of this direct phase shift schemes to achieve better
dynamic response and eliminate the DC current in AC link [35, 36].

There have been multiple articles in literature that differentiates TPS from CPS, EPS and DPS
modulations schemes [13-19,35-36]. Nevertheless, as widely reported in literature all this modulation
control schemes falls under TPS modulation, thus they are all a special case of TPS modulation. The
paper extends the work presented originally by author 1 in [34], by performing detailed mathematical
analysis of DAB converter under TPS. The uniqueness of this manuscript is that it identifies all the
possible modes of operation under TPS scheme for both forward and reverse power flow directions.
It focuses on simplifying analysis of each mode, contrary to [35], that reported TPS to be complex
scheme and with an intent to focus on standardizing all the phase shift modulation schemes for DAB
DC/DC converter. In addition, a generic optimization algorithm is developed to show the key
advantages of TPS. Analytical assessment of each mode is performed to investigate each modes active
power, inductor currents, RMS current of the AC link, RMS voltage of the AC link, reactive power,
power range operation of the mode, ZVS switching possibility and reactive power. The authors
expect the detailed analysis of DAB converter performed in this manuscript to facilitate DAB DC/DC
converter designers in identifying a wide range of optimization algorithms to achieve higher
efficiency under TPS scheme.

The manuscript consists of four sections. The first section introduces CPS, EPS and DPS
modulation schemes. The second section, a qualitative discussion and performance analysis of every
conceivable TPS operational mode is presented. Graphical representations of voltage and current
waveforms for each mode are provided, along with a derivation of key performance metrics,
including peak/RMS current flow, active power, reactive power, and ZVS boundary. The derivation
process begins by establishing mode constraints/boundaries, which are determined by analyzing the
AC voltage waveform patterns for each mode. Next, the DAB inductor current waveform is derived,
and the instantaneous currents for each sub-period are determined using the DAB converter
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equivalent circuit. From this, parameters such as average power and reactive power are calculated
for each operating mode. A generic per unit TPS algorithm is used as an example to highlight the
advantages of TPS modulation scheme that is discussed in section three. To validate the accuracy of
the proposed TPS algorithm, a 100kW 1kV/4kV DAB model that is integral part of a high-power
multi-module DAB converter is simulated using Matlab/Simulink and down scaled experimental
prototype is built to validate the algorithm in section five.

2. Basic operating principle of DAB using conventional phase shift, Dual phase, and Extended
phase shift control.

Using CPS control, the cross connected switches (S1 and S, Q1 and Qs) of Figure 1(a) are switched
simultaneously, resulting in DAB waveforms shown in Figure 3 (a) at the transformer primary and
secondary terminals by assuming Vboci2nVoc: (similar analysis results for Voci<nVbocz). Voer and Voe:
are DC link voltages, vr is the voltage across the inductor, ir is the inductor current, ve1 and nvac
(referred to primary) are transformer terminal voltages, Ts is the period ( Ti=1/2Ts) and D is the
external phase shift (0<D<1). The amount of power transferred, and direction is regulated by
controlling the phase shift (D) between vact and vac2.
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Figure 2. (a) DAB waveforms for (a) CPS (b) EPS (c) DPS for condition 0< p, < D, <1 (d) DPS for

condition 0 < D, < D, <1.
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Figure 3. Power characteristics under (a) CPS (b) EPS (c) DPS.

From the voltages and current waveforms of Figure 2(a), the expression for the current for the
first half-cycle by assuming, t=0, t:=DT and t>=Th is given by:

. V...—nV, . +2nV, _..D
lL(tD)=_|: DC1 DC2 DC2 i|

4-](;'Ltot
2V, D=V, .. +nV,
. | Voer =1Vpey +20V,50, D
i(t)= Af L
s " tot

Where, f:is the switching frequency and L is the total inductance.

Therefore, the equation for the output power under CPS control can be written as:
7,

1 .
L KRGk

h 0

r Voo +0V, , s V.. —nV, ,
:TL ’_[{Vacl(t)XU:DCILMDCZt'HL(to)dt}}}"’_j{vacl(t)x[DCILWDCZH'ZL(tl) ]} d
h

_ nVDaVDczD[l_D] @)
e 2f.L

s tot

CPS control algorithm is simple to implement, since only a single parameter, the phase shift
angle is required to control the power flow. The power output characteristic is illustrated in Figure 3
(a) for positive power flow. As can be observed, the maximum power can be obtained when D=0.5
and power is zero for D=0. However, CPS control is an active power centred algorithm, where
applications involving large voltage conversion ratios, results in increased current stress, loss of soft
switching and high circulating reactive power at the AC link [37].

EPS and DPS control were introduced to overcome some of the limitations of CPS modulation.
The aim of these switching patterns is to extend soft switching region and minimise/ exclude the
reactive power circulating within the converter bridges, thereby improving overall efficiency of the
converter. With EPS control, additional inner parameter, D: which is the phase shift between the legs
of one H-bridge is introduced, while in H- bridge two, the cross connected switches are switched
simultaneously. This results in a quasi-square AC output waveform for the bridge where inner shift
D1 is used and a full AC square waveform for the second H- bridge as Figure 2 (b) depicts. D1 is the
parameter used to extend the ZVS and reduce the reactive power. The phase shift Dz, is the outer
phase shift angle that controls the power flow magnitude and direction, which is equivalent to D in
CPS modulation.
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Thus, average power when EPS modulation is used, can be obtained as
1 Th
P,y = T ! Vi, (1) dt
j{vm (1) [{Mt +i, (1) dtD} + Jz'{vm (1)x (V"C‘_"V‘)“t +i, (1) J}
104 Lmr 1 Lmr
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l] le‘
nVDClVDCZ 2 2
=—===\2DD -2D"-D"+D, 4
EPS 4stmt I: 1+, f 1 1] “)

From (4), the additional modulation parameter D2, improves the regulation flexibility of the
converter as power diagram of Figure 3 (b) shows. Similar to CPS control, the maximum power is
obtained when values of D=1 and D>=0.5. This shows that only under CPS is maximum output power
attainable. For other loading scenarios, different combination of control variables D: and D: may
result in the same power output. In EPS, the operation of the two H-bridges is required to be swapped
when the voltage conversion ratio and power direction is changed in order to operate the converter
at minimal circulating power [18]. This complicates the operation of the converter further as the
power flow direction has to be sensed continually, thus introducing additional overhead for the
controller.

DPS control aims to address some of these limitations by not restricting one of the AC link
voltages to a full square wave operation, but rather, zero states are introduced for both H-bridges,
unlike EPS control, in addition to enhancing the regulation flexibility further. This is achieved by
additional inner phase shift between both the converter switch pairs Si-Ss and Qi-Qs (leg 1 and leg 2
of bridge A and Leg 1 and 2 of bridge B). Figure 2 (c) and (d), illustrates the resulting waveforms
under DPS control. D1 is the inner phase shift for both H-bridges and D: is the external phase shift
(D2=D in CPS control). The resulting waveforms when DPS control is applied can be divided into two
operating conditions, which are:

D, <D, <1
D, <D, <1

- 1

®)
When,
0< D, <D <1

The current expression of each segment for the first half cycle is derived by assuming t0=0, =0,
ti= D2Tn, t2= D1Th and t3= Th:
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From (6), the ideal power transferred by the converter is given for this condition as
1
Pops1 = FI Vol (1) dt
hto 12 (7)
? Voo —nV, .
L[{ v, ()% [{ LIZI t+i, (t,) dtD} !{vm(t) X (%t +i, (1) ]H dt
149N %
P, :%[—2D22 +2D,-D] +2D, 1] ®)
K ZOI

Similar analysis can be performed for the second operating condition in (5). By assuming,
t1=(D2+D1-1)Th, t2=D1Ty, ts= D:Tn and #=Tn. Therefore, current expression of each segment for the

first half cycle is:

)= { V1D, =2V ey D, =0V, ., D, + 20V ., }

‘ 4fYLtot

i) = Voer Dy + 2V, Dy =2V e, + 0V, D,

: 4»f;'Ll()l

(v, .D,+nV,.,D

iL(tz): DC1 4l-fz DC?2 1:| (9)
L s " tot

iL (t3) = iL (tz)

i(t,)=

VDCIDI + nVDCZDl +2n VDCZDZ _zn VDC2
41 L

tot

The ideal power for this condition is also computed as:
7,

1
Popsy = T _[ Vil (£) dt
B (10)

TIM (r)xﬂm LV i (1) er}ﬁ{ (0% [ ) ]H

_ nVDCl VDcz

DPS2 —
4f; Ltat

The power output for different combinations of D1 and D: is illustrated in Figure 3 (c). It can be

|-D+2D,-2DD, + D, 1] (11)

observed from the figure, as was in EPS control, maximum power output can be achieved for values
of D=1 and D: =D =0.5. While for partial power operation, same output power results for different
combinations of D1 and D:.

The triple phase shift control/modulation scheme (TPS) is an extension of the dual phase shift
control (DPS), where a time delay is introduced in the gate signals of cross-connected switch pairs of
each H-bridge of DAB converter. Compared to DPS, the inner phase shift might be unequal in both
bridges. TPS was partially studied in [15,17,20-22] to enhance the converter's performance by
extending the soft switching range, improving regulation flexibility, and increasing overall DAB DC-
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DC converter efficiency. [20] investigated the converter's stability using TPS control, but without
emphasizing the important issue of efficiency improvement. [21] characterized only four TPS modes
to extend the zero-voltage switching (ZVS) operating range and increase the converter efficiency.
[15,17] identified twelve switching modes, and partial analysis was performed only for some of the
modes using fundamental component approximation. In [22], a multiphase shift scheme including
DPS and TPS was investigated to determine optimal sub modes based on waveform features.

2. Basic operating principle of DAB using TPS Control

By utilising TPS modulation scheme to control DAB converter, three control parameters
symbolised as, D1, D2 and Ds are used to modulate the converter. D1 is the inner phase shift between
switches 51 & S4, D2 is the inner phase shift between the switches Q1 & Q« while Ds is the outer/external
phase shift between S: & Q1 as illustrated in Figure 3 (a). Magnitude and direction of power flow is
controlled by adjusting Ds between the two H-bridges. Figure 3 (b), depicts example waveforms
showing switching waveforms for TPS modulation scheme, the resulting AC voltages at transformer
terminals AB and CD (referred to the primary side) and inductor current ir.

Y T —— . ¢
S2 [ L. ¢
S; ' — 1
Sy L t
0, I I t
0 ' ' ¢
Q3 t
o D,T,
Vac1(t) Vocr
Inci  BRIDGE-A BRIDGE-B  Ije 0 ;
rk ﬁ Th TS
p,1, 2%
Va2 (1)
0 t
g g nV,
N N\ i) DC2
0 t
- ‘- - 1y 15 12} 13 1, ts ts 17ty
(a) (b)

Figure 3. (a) DAB circuit diagram (b) Switches turn on/turn off signals and ideal voltage/current
waveforms under TPS scheme.

2.1. TPS Modes of operation

Based on all possible combinations of phase shifts D1, D2 and Ds; full, partial and no overlaps of
both transformer terminal voltage waveforms, give rise to six different switching modes for forward
power flow, and their complements for reverse power flow. Importantly it's the modes boundaries
that set the number of TPS modes. In this section, a comprehensive analysis of the converter
performance indices will be performed for each mode. TPS control involves different operating
modes, in addition to loading condition (whether the converter is lightly or heavily loaded).

In the analysis, the following assumptions are made:

- Lossless DAB converter.
- Fixed Vbci & Vpc: DC link voltages.
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- Buck mode operation (Vbci>nVpcz), boost mode operation (Vbci<nVpcz) is similar to buck mode
and will be omitted in this chapter.
- The turn’s ratio of the transformer is n and f; is the switching frequency.
- The transformer magnetising inductance is neglected.
- The H-bridge B is referred to the primary side, while the transformer leakage inductance is
added to external inductor, resulting in a total inductance L.
- Other short time scale factors such as switching dynamics and dead band effects are also
neglected.
a) Modesland1
Ideal operating waveforms of the modes are depicted in Figure 4. Mode 1 shown in Figure 4 (a),
is characterised by a full positive-half-cycle overlap of both bridges terminal voltages with DD,
while complimentary mode 1’ waveforms, in Figure 4 (b), are graphically described by full overlap
of positive and negative half cycles of AC link voltages with bridge B waveform being shifted by 1809,
to reverse the converter operation resulting in equal but negative power. The remaining part of this
section performs derivation of several key performance indicators for each of the following operating

mode.
D.T, DT, y
Vaci (t) Voer _ Vaci(t) e
0 t
1 Ty T.
0 T, T '
D3T;, Mh]tV —.—FVI
pC2
RVycr (t) nVye2 (t) DaT e
("|D3I)TI|
0 t 0 —— t
vi(® vi(t)
0 t 0 1
ir(® e ir(®) T
0. ! 0 !
b Lt bt 1y Uils s 17 fg to  Uthity t3 1y 5 s t7_3

(@) (b)

Figure 4. Steady state voltage/current waveforms for (a) Mode 1 (b) Mode 1".

i. Mode 1
The mode boundary conditions should ensure that full overlap of both bridge AC voltages is
strictly maintained. Thus, by observing Figure 4 (a), the following two constraints are defined,
D, =D,
0<D,<D -D,
Inductor current, is crucial for active and reactive power calculations. Thus, applying Kirchhoff voltage
law (KVL) in the equivalent circuit diagram of Figure 1 (b), the analytical expression for the current
can be written as

(12)

i (7) :LJ.(Vacl(t)_vvaCZ(t)) di+ig(t,) 1, <t<t,, (13)

Ott

Where . represents n'* switching instant, Vaer () is the coupling transformer primary voltage and

Vaea () is the secondary transformer voltage referred to the primary side. According to Figure 4 (a),
nine different switching segments emerge that will completely be analysed for this mode.

Interval to- ti: Figure 5 (a) shows the equivalent circuit during this switching instant. Since the
current is negative; i, flows through freewheeling diodes Ds: and Ds+ in bridge A due to positive
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bridge A output voltage. For bridge B, diode Do: and switch Qs conduct the current. The inductor
voltage is clamped at Vbci. Therefore, the current is expressed by,

i, ()= ?Cl (t=1,)+i, () (14)

Interval t1—t1": The polarity of inductor current changes from negative to positive at f1'. In bridge
A, the current flows through switches S and S+ while for bridge B, the current flows through Do: and
Qs. The current remains the same as in previous switching instant while continuing to increment. The
voltage across the coupling inductor is Vbci. This is depicted in Figure 5 (b).

Interval ti” - t: The equivalent circuit for this segment is shown in Figure 5 (c). Since it is
assumed that converter works in buck mode where Vocr>nVoce, therefore current slope is increasing.
With both bridges output voltage been positive and a positive inductor current polarity, switches S
and S: of bridge A remain on. In bridge B, i, flows through the reverse recovery diodes, Do: and
Do+ The resultant voltage across the inductor is Vbci-nVoe, thus, the inductor current is given by,

. V.. —nV, .
() :u(t —4)+i, (1) (15)
ot
Interval t2- t3:  S1and S2of bridge A are still conducting. In secondary bridge B, current flows
through Q: and Do+ as illustrated in Figure 5 (d). The voltage impressed across inductor is Vbcy, thus,
current through Li: can be expressed as

, Vi ,
i, () =1 =1) 41, (8,) (16)
ot
Interval t3- t& Both bridge A and bridge B voltages are zero and Figure 5 (e), depicts, the
equivalent circuit. The inductor current remains unchanged and circulates in Dsz, S¢, Q2 and Do+ of
both bridges. The voltage across the inductor is zero and thus, the inductor current is
i, (1) =i, (t;) 17)
Interval t:- t+: Figure 5 (f) shows the equivalent circuit for this duration. Switch Ssof bridge A
is turned off and the current flows through the diagonal anti-parallel diodes Ds:and Dss since bridge

A voltage is negative. The status of bridge B remains unchanged, where i1, decreases linearly and is
carried by Q2 and Dqu«. Voltage across the inductor is - Vbci. Thus,

iL(t)=%(f—f4)+iL(t4) (18)
Interval ta’ - ts: The inductor current polarity changes Szand Ss of bridge A freewheel. In bridge
B i, flows through Do2and Q. The equivalent circuit structure is shown in Figure 5 (g). The inductor
voltage remains at -Voc: and the value of inductor current is given by expression (18).
Interval ts - te: During this sub-period, Sz and Ss of bridge A are still on, while Doz and Dos
conduct for bridge B as Fig.5 (h) demonstrates. The inductor voltage is Vbci+nVpcz. Thus, the inductor
current is

Ve +1V,

iL(t)= 22 (t_t5)+iL(t5) (19)

tot
Interval té- t2  The switching pattern for this sub-period is similar to previous segment ts-fs and
equivalent circuit diagram showing the current path is displayed Figure 5 (i). Sz and Ss of

S

7 :
Woe eI e
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Figure 5. Mode 1 equivalent circuits sub-periods for inductor current (a) to-t1 (b) t1- t1" (c) t1"t2 (d) to- t3
(e) t3- ta () ta- ta' (g) t4' - t5 (h) t5- t6 (i) to- t7 (i) tr- ts.

bridge A continue to conduct. For bridge B switch Q1 and Dos conduct. The voltage across the
inductor is -Vbci. Therefore, the inductor current is,
-V,
l-L (f) — DC1
L

tot

(t=t;)+i,(t) (20)

Interval t;- ts: Bridge A and bridge B voltages are both zero and thus, the voltage across the
inductor is likewise zero as demonstrated by Figure 5 (j). For both H-bridges, Sz, Dss, Dg2 and Q4
conduct respectively. The inductor current during this sub-period is

i (1) =1, () (21)

Since the average value of the inductor current iL(f) for one complete cycle (T5), has to be zero, it
is therefore only necessary to compute the current for the first half cycle. Moreover, due to half-wave
symmetry of the inductor current waveform, it can be shown that,

i, (t,) =—i, (%)
i,(t)=—,(t")
i, (1) =i, (&)
i,(t)=—i,(%)

(22)
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Considering the volts-second balance of the inductor current, initial inductor current, ir(t), can
be derived from equations (14) to (17), by assuming, t» values of, to=0, t'1=Ds3Th, t>=(Ds+ D2)Th, ts=D1Tn
and t«=Tn . Where, Ti=T+/2.

=2i,(t,) =%(r4 —g)+%(g —12)+%(12 -1) (23)

tot tot tot

Substituting values of ts, in the expression (23) above, i (%) can be obtained

) Voo D, =0V D
lL(tO):_|: DCl :I.fL DC2 2:| (24)

tot

From (24), the currents for each switching interval can be derived as,

. V, Voer Dy =0V D
i,(t)= fa(tl_to)_{ Joleitut! DC2 2}

tot 4ﬁL[Ul
(25)
_ 2o Dy = Ve Dy + Ve, D,
4f‘;LIOI
. V., —nV. .
lL(tz) :%(t_tl)-i_lL(tl)
(26)
— 2I/DCIDZ + 2VDCID:" - VDCIDI +n VDCZDZ
4f‘;L/DI
. v, .
i(t)= ECI (ts _t2)+lL(t2)
— 2VDCID1 _ZVDaDz _2VDCID2 + ZVDCIDZ +2VDC1D3 _VDCIDI +nVDCZD2 27)
4f‘;LLUI 4J(sL“”
_ Voer Dy =1V, Dy
4stlul
i,t,)=i(t) (28)
The peak current for this mode of operation is given by
. . . VoD —nV,.,D
lpeak = lL (t3) = |lL (tO )| = {MTZIMDC“} (29)
The rms current can be expressed as follows:
1 T,
. . N2
lrms(model) = ?J(ZL(t) )dt
ho
Ay Coaly )
[| 2 ti )t | +[| 222 4, (1) el
I Llot Iz Ltot
N \
= AR 2, v 2 (30)
+J'[ fClHl'L(fz)dt} +I{%t+iL(t3)dt}
b tot 4 tot

Inserting to=0, t1=DsTh, tz=(Ds+ D2)Th, ts==D1Th ,t&=Tn in (3.19) and rearranging yields,
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_ - - -2
iL (tl)_iL (to) +
. . 2](;Ltot L VDCl J
s (moder) = [le(t3)(l_Dl)]+ T M3 .3, .3 .3 (31)
i, (t,)-i @) +{ZL (t)—1, (tz)}
i L Voer =1Vies ] Voar |

Based on the derived expressions, derivations for active power, reactive power, and ZVS
operation possibility for each switch and its range are presented below.
Average power transferred by the converter can be calculated at either bridge, by considering

the assumptions made previously,
T, T,

1 . Ly .
P=—[vi, () dt =—[v',, i, (1) dt 32)
Ty Ty
The transmitted power is obtained as,

| vad(t)xﬂ@t+iL(to)dtD +hj {vacl(t)x[Mt+iL(tl)J}+
1 0 lel 0 Lmz
h

-1 dt (33)

Pmodel -
T -t -ty
_([ {vacl(t)X[I;’jj 1+i (t, )j}+ _([ {vad(t)X[%tﬂ'L (g)]}

Simplifying and rearranging expression (3.22) results in,

| I {vacl (t)x[|:z’)at+iL(t0) dtD}+ j {vﬂcl (t)x(V;)Cllj'WDCZt+iL(tl) ]}4_
0 ‘tot 0 tot
dt

model ™ 7;: Ht, % ty—t; 0
Vv, ()% (m t+i, (tz)j} + {vm t)x ( t+i, (¢, )j}
! { L, ’([ L, (34)

v 2 5 _ 2 2 2 s
ol Yo Ly ]| ]| e oen g | | | [ L2 L
7;! Lth 2 [It()t 2 I Ltﬂt 2

o 't

After inserting t» values and further manipulation of (34), mode 1 active power equation can be
derived as

_"VpeVpes

model 4 f-s L

tot

[ D’ -D.D,+2D,D, | (35)

From (35), range of power transfer can be determined, in order to characterise mode upper and
lower power operation limits. This is performed by first normalising the power equation with respect
to maximum power achievable by the converter. This base power is obtained through CPS equation
(2) of previous chapter, when external phase shift D=0.5.

— n VDCIVDC2 (36)
base Sf;Lmt
Thus,
Pmodel(pu) = 2|:D22 _DIDZ + 2D2D3:| (37)

The maximum and minimum power transfer in per unit and corresponding maximum and
minimum TPS control values can be obtained by solving a basic optimisation problem for the
normalized power formula (37) and applying the mode operational constraints (12). The required
steps to determine these parameters is summarised by flow chart of Figure 6. Results obtained from
this are:

P, =05pu (D =1,D,=05D,=0.5)

(38)
P, =-0.5pu(D,=1,D, =0.5,D, =0.0)


https://doi.org/10.20944/preprints202309.1956.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 September 2023 doi:10.20944/preprints202309.1956.v1

13

Obtain mode pu power value and apply mode
constraint

Define minimum and maximum possible
power values: Pyg=1 &Pyin=-1

1

Search for
mode’s max power
range ?

Yes
{ Increment each nested for loops

[ Increment each nested for loops }

D,;,D> &Dj in turn from 0 to 1 D, Dy &Ds in turn from 0 to 1
-
No Mode'’s Ppu Mode’s Ppu
equal to maximum equal to minimum
possible ? possible?
Yes 1 ] Yes
1
No D;,D; &Dj3 within mode No

operational constraints ?

Record possible minimum and maximum power range and corresponding
D, D> &Dj3 values

End
Figure 6. Steps required to establish maximum and minimum power range.

Reactive power is a parameter of interest to investigate in DAB converter, since by reducing
reactive power consumption; RMS inductor current is minimised for a specified level of power
transfer. This reduces conduction and copper losses. In this paper, reactive power is calculated by
computing the apparent power St at the inductor. Since inductors do not absorb active power, the
apparent power is therefore equivalent to the reactive power consumption by the inductor. This is,
by definition equivalent to the total reactive power consumption at the converter H-bridges. Hence,
reactive power Q, can be defined by,

0=S, = VLRMS Lyas (39)
Equation for mode 1 RMS current is denoted in (31). The RMS value for the inductor voltage can
be calculated by referring to Figure 4 (a),

T

1 2
Virmsmodel) = FII/L (t)dt
)

(40)
1 ) 5 ) 1/2
:F(V DC1 (tl _t0)+(VDC1 _nVDCZ) (tz _tl )+ V DCl1 (t3 _tz))
n
Substituting t» values into (40), mode 1 RMS voltage is
172
Vi rms(model) — (VDC12D1 +(Vpes )2 D, =2nV Ve, D, ) (41)

By, merging equations (31) and (41), a more accurate definition of DAB true reactive power
emerges
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[i26)(1-D) ]+ -
iL3 (t1 ) - iL3 (to iL3 (tz) _iL3 (tl)
Ol = [( VDCIZD1 +(nVpey )2 D, =21V, Ve D )J x| 2f L, { Vs } +{ Vs =1V } (42)

v

DCl

3 {if(g)—if(tz)}

Assuming IGBT switches, in order to ensure that the converter switches are operating with zero
voltage switching (ZVS), anti-parallel diodes must conduct prior to switch turn on. After switch
voltage drops to zero, current commutates from the anti-parallel diode to the switch enabling turn
on at zero voltage, resulting in zero turn on power loss.Thus, at the instant of switch turn on, current
in the switch must be negative. This provides the condition for ZVS. With respect to the switches in
Figure 1 (a) and their respective conducting current directions, conditions for the switches ZVS can
be summarised as

For 8,,8,,Q,,Q, i,| <0 & For §,,8,,Q.Q, i|_ >0 )
- Generation of inequality for each switch, by observing the instant the switch starts to conduct
first.
i,(t,)<0
S, =1i,(t,)>0 i(t)>0
i, (1)< 0 Q:{50g<0}
s, :{{L(tz) >0} o & =lin@)<0] )
i, (1,) <0 i, (1) <0
S:{QUQ>0} Q%:{Q@)>O}
b)) <0 0, ={i,(t,) >0}
S, ={i,(1,) <0}

- Summarise inequalities of expression (44) by removing redundant expressions and check if
the inequality doesn’t contradict the current waveform.
i,(t,)<0
i,(t)>0 (45)
i(t,)<0

e By mapping (45) to the respective segments of the inductor current of Figure 3 (a),
i,(t,) <0

inequality introduces a conflict and hence, for this mode, it can be concluded

that soft switching is not possible for all DAB converter switches.Note that, this is

nV, nV,
applicable when the voltage conversion ratio —2< < 0. When, —2<% > 0, the resulting
DC1 DC1

condition might be different.
i Mode 1’

Model’ is essentially the mode generating equal power in magnitude to mode 1 but in reverse
direction. Hence, bridge B voltage waveform is shifted by 180°. Therefore, the boundary condition is
defined by full overlap of positive and negative half cycles of the bridges AC voltage waveforms as
Figure 4 (b) depicts. The same methodology can be adapted to derive the mode constraint as in
previous mode and by extending the mode voltage waveforms to the negative half plane, it can be
concluded that the following mode 1’constraints have to be maintained,

D, <D,
(50)
~1<D,<-1+D,-D,

Analysis for various switching instants of the inductor current is performed prior to deriving
key parameters. Nine distinct segments emerge as illustrated in the Figure 4 (b). The second half cycle
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operation is similar, but with inverted inductor current and complimentary switches conducting, the
equivalent circuit and steady state value of the inductor current for the first half period is defined for
convenience and this will, likewise, also be the case for all the remaining operating modes.

Interval to- t1: The inductor current is negative during this switching state and the resulting
equivalent circuit is demonstrated by Figure 7 (a). Switches S: and S, are in the direct conduction
path, the current free wheels through integrated anti-parallel diodes Ds: and Ds for Bridge A. While
for Bridge B, the current flows through D and Qs respectively. The voltage across the inductor is
Vbci. Inductor current is given by

. V, .
i, ()= I?Cl (t=t,)+i, () (51)

tot

Interval t1- t1": Figure 7 (b) depicts the equivalent circuit for this time segment. In bridge A, ir
flows through diodes Dsi and Dss. Similarly, the current in bridge B freewheels through reverse
recovery diodes Do2 and Dgs.Inductor voltage is clamped at VocinVoca.

. V. . +nV .
L ® =02 ( _t1)+lL (tl) (52)

ot

Interval t:’- t2: Current polarity reverses for this time duration, whilst linearly increasing, plotted
by circuit diagram of Figure 3.6 (c). Switches S: and S«of bridge A are condu cting, while in Bridge B
the current flows through Q2 and Qs. Inductor voltage is still clamped at Vocr+nVbc2. The current is
similarly given by (52). The interval ends upon Q:turn off.

& <&

»
>

A

Vpe2

Y

| Ciu__

e

(e)

Figure 7. Mode 1’ equivalent circuits sub-periods for inductor current (a) fo-t1 (b) f1-t'1(c) t'1-t2 (d) t2- t3
(e) ts- ts

Interval t2- ta: Figure 7 (d), demonstrates the equivalent circuit showing the current path
during this duration. For bridge A, the same switches continue to conduct as in previous segment,
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while in bridge B the current freewheels in diode Dg: and flows through switch Qs. The inductor
voltage is Vpoci. Inductor current for this segment can be written as

) v, )
i ()= LDCI (1=1,)+i, (1) (53)

tot

Interval t; — ta: The schematic circuit showing the current path during this time instant is
displayed in Figure 3.6 (e). Both bridge terminal voltages are zero and thus no power is transferred.
The current circulates through Ds1 and S4, in bridge A. For bridge B the current path remains the same
as in previous interval. The inductor current slope is zero and thus, its value is given by (3.38).

By substituting, t» values of, to=0, t:=(1-1Ds3l)T, t:=(1-1D3|+ D2)Ts, ts==D1Tx and t+=Ths, one can
evaluate expressions comprising the inductor current at various switching instant, peak current, ,
RMS current, along with, the average power, reactive power and ZVS constraints,

Table 1. Key expressions for Mode 1".

Variable
i (t ): _ VDCIDI +nVDC2D2
‘ ’ 4fSLmt
i(t)= |:_VDC1D1 — Ve |D3|+ 2V, =nVye,D, :|
L\1) —
Currents 4f.L,,
at each
. . . (t ) _ _VDCIDI + 2VDCI +2VDC1D2 B 2VDCI |D3|+ nVDczDz
switching )= 4l L.
instants

Voer Dy + 0V, D
iL(t3)=|: DCl ;f’l’l‘ DC2 2:|

i, (t,)=10,(t)

RMS 30\ 3 30y 3 3y 3 >
,m(mr):[[&z(%)(l_ q)}[zﬁfm {z (a)V i (@HzLV (tz)+ 1 (rl)HlL (@)V i GQ)M

tot

current
RMS X i s
VerS(mcdel') = (VDCI D] +(nVDC2) D'_) + 27’1 VDCIVDCZDZ )
voltage
V.V,
Ij(model') =- ’/14[}6:%[1)22 +2D2 _DIDZ —2D2 |D3|]
Average sLor
porwer Py =05pu (D =1,D,=0.5,Dy =—1)
range Runge:»{max_'p =L, =0.5,D; =
Pyin =—0.5pu (D =1,D,=0.5,D; =-0.5)
Reactive .
Q’mdel' = vnm(rmdel') Xlrmv(rmdel')
power

AL Achievable for all switches

Constraints: i,(t,)<0,i,(t,)<0&i, (z,)>0
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following similar steps outlined in mode 1. To reduce the number of equations, the final
derivation of this expressions is summarized in Table 1.

According to the results obtained, it can be observed in Table 1 that mode peak current is given
by ir(t3). The derived per unit values for upper and lower mode active power limits which is 0.5 pu,
is also evaluated by applying a similar optimization problem procedure as in mode 1, while
decrementing Ds from 0 to -1 (rather than incrementing). The corresponding TPS modulation
parameters that achieve these limits are also tabulated. By also taking a similar approach for
determination of ZVS, as in mode 1, soft switching operation is possible for all the switches as long
as the ZVS constraint given in Table 3.1, are satisfied.

Even though, the obtained mode steady state equations look dissimilar to previous derivations
defined for mode 1, it can be shown that by substituting | D3|=1- Ds, in expressions of model’, results
in inverted but identical equations of mode 1, which verifies the complementary nature of this mode,
compared to mode 1.

All other remaining modes of operations 2 to 6 and their respective complements, which are
graphically represented in Figure 8, are analysed in Appendix A, following similar procedure as in
preceding TPS modes above.

D15, DT, ~DDT"—T”> o7, D7 "
SR =1 et D21 7 ww T
O el ( ga e [ T Ee r SRR
I i : I
| T, T /_l\ (o ﬂ.T/ T 7.7 =117, N
I " i o7 T T, ] T DsTy LT | s D37l | ;
i ir(1) L | | . -
T T DT, - ! ' 25n
o 1 Lty 1y Bl 'ty 13 ty 1) iy Uy tste ity 1s to ) tats 1y tsts ts ils o 10 13 14 151 I7 1g
s 7 L7 }
sid, s:n sl ds, $s. sts}s,sj\slsj s,ﬁ ds, sk, &s, .%,s,. §,s:\s,s:\s,s. 1S, 85287 528, S5, 8255 $185 805 8,8 187 58] S»sf 858, c‘ss s (83 5155 8185
0:05 0:05 010:0:10:0,0,0,0.,0:0, 0:0: 0.0, 0:0,0:0.0:0:0:0:0:0:0,0:0,0, <C12L32125Q/Q.Q:Q.Q0:Q,Q:0.Q:Q:Q:Q: 0204 Q:0,0:050:0:2:0:0:0:2:0.0:0:
(@) (b) (c) (d)
DTy DiTy, D, 7T
f——— DT} —— 147 .
7, nv, Kzl v . uB /3"177.,)97}' ‘—’Vl IL_(t) R
DTy | : L i) | L ) |' ; 7
VA T S Y ™ 7,1 i H T T g ' 7
i ! o | = 1| ' Ber 7 s A D7,k o L
REV Y [
- - DsTy b H L= - D57,
1) 1> ts 14 s ls tr I

o 1 T Lo tsty fs Istrty o 7,714\“ Istr1s Vo 1, 1> 15 14 15 15 17 15 to -
r [l o ot t VAV D R O B S S A B Pa
8:8, SiS, S8, S8, vv KA m, 5185 $i80 8.8 8:84 4 8:85 585 Si8T 88, SuSS SuS, S5S, S2S,.8.8; 8585 8,85 8,85 S84 S15, 8525, 528, $285 5283 5,855,8,

Q05 Q0 QiQs 210010 Q:0s 0:0 2205 00 0:00 000 QL0000 005 00, QiQs Q1Qs Q1Q:s Q2040:0, 020502050105 Q201Q2030:0:0,030Q:0:0:0.02,02C-
(e) (f) (& (h)
DT,
" D,T, D17

Vit — ar5) _ AV7 ir(1) ~ nis
;J7ZTN , ! .

T° 1 : !
) AP AL T
—! [I—

D3Th
z fl 12/3 ’415 1(17

Ayl 15153 t
s,_I*js,;\sls,\szs} msl‘d}&s; ok Lo ey 5% v?i;{?s\;c\ji 5
0.0,0:0:0:0.0,0,0:0.,2:0.0:0:0:0; 10.0:0.0:0:0:0:0.010,0) 2104210
(i) ()
Figure 8. Remaining modes steady state voltages and current (a) Mode 2 (b) Mode 2’(c) Mode3 (d)
Mode 3’ (e) Mode 4 (f) Mode 4'(g) Mode 5 (g) Mode 5" (h) Mode 6 (i) Mode 6'.

3
5
iﬁ

raﬂ\

Normalised inductor currents to (1/4f:L), for the positive half cycle switching instants are derived
and listed for the remaining modes in Table II (where f is the switching frequency). Detailed
derivation of the currents for each mode can be found in the appendix. Due to inductor current half-
wave symmetry, negative half cycle values are omitted. These can be calculated by counter positive
half cycle values.

The per unit average power normalised to maximum power transferred by the converter is listed
in Table 3 for the remaining modes. The base power used is obtained with CPS modulation at 90°
phase shift between the two half bridge voltages.

_nh;
base 8 f; L

(54)
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Range of power transfer for each mode is also computed to characterise mode limits, by applying
the mode operational constraints to the computed power equations. This shows the converter, power
transfer, capability with respect to the full range under specific mode of operation. In complementary
modes, bridge 2 waveform is shifted by 180° from non-complimentary mode, hence resulting in the
exact but negative power range. From Table 3, it can be seen that modes 6 and 6" are the only modes
that cover the whole converter operating power range.

Modes 1, 1’, 2 and 2’are capable of charging and discharging operation, but only for half the
power range. Modes 3, 4, 5 and 6 with their complements only provide unidirectional power transfer
capability each. Finally, it is worth noting that, in mode 3 and 3’ power transfer is independent of Ds,
meaning that it can be solely controlled by controlling bridge voltages. The ZVS constraints are
derived and also listed in Table 4. Only modes where ZVS is realisable for all switches are indicated
with their constraints. Otherwise ZVS is only partially obtained for the converter, i.e., for some
switches only as indicated by modes 1, 3, 3’ and 5. The, RMS current, RMS voltage and and the
reactive power for the remaining modes are listed in Table 4.
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Modes i (t,) i () i (t,) i (t;)
2 —{[V,D, —2nV, +nV,D, +2nV, D] (VD +2nV, D —nV, D, +2nV, —2nV, D} [V,D, +nV,D,] [V,D, +nV,D,]
2 —{V.D +2nV, —n¥,D, =2nV, D] (VD —2nV, =21V, +nV,D,+2nV, D) [V\D, —nV,D, ] [V\D, —nV,D, ]
3 -[v\D,—nV,D,] [V\D, +nV,D,] [V\D, +nV,D, ] [V\D, —nV,D,]
3 -[V\D, +nV,D, ] [V\D, —nV,D,] [V\D, —nV,D, ] [V\D, +nV,D, ]
4 —{V.D—2nV, +nV,D, +2nV, D] [#D-2[+2/D,+nV,D,+2D)] [V\D, +nV,D, | [V,D, +nV,D,]
& —{V.D +2nV, —n¥,D, =2nV, D] [-VD, =2V, +2V;D, + 2V, D, —nV,D; | [V\D, —nV,D, ] [V\D, —nV,D, ]
5 -[v,b, -nv,D,] [-V\D, +2V,D, +nV,D, ] [V,D, =2nV,D, +nV,D, +2nV,D;] [V,D, —nV,D,]
5 -[V,D, +nV,D, ] [-V,D, +2V,Dy —nV,D, | [V\D, +2nV,D, —nV,D, —2nV,D; | [V,D, +nV,D, |
6 —{V.D,+nV,D, +2nV,D,—2nV,] [-¥D, +2V,D, +2V,D,+nV,D, -2V;] [-V.D, +2V,D; +nV,D, | (VD2 D+D+2D)
6 VD —n¥;D, ~2n,D, + 22} [-V\D, +2¥;D, +2¥;D, —nV,D, —2¥]] [-V,D, +2V,Dy —nV,D, | (Vi +22V,0~n¥, D, ~2n¥; D))
Table 3. Remaining DAB modes of operation & power equations using TPS control.
‘ Mode 2 | Mode 2’
Mode D,>D
operational (1+D,-D,)< D, <1
constraints
Power & power k=2’ -DD,+2D0-2DD) | =2 0-nn+20-20D]
range (pu) Range: B =05pu B, =-05pu Range: B, =05pu, P, =—05pu
Mode 3 Mode 3’ Mode 4 Mode 4
t,=0,t, =DT,,t, =D,T,,t; =(D, + D;)T,,t, =T, = % t,=0t,=(D,+D,-1)T,,t, =DT,,t, = DT, t, =T, :2;
Mode D, <1-D, D<D<1
operational D, < D;<1-D, 1-D <D, <1-D+D
constraints
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P =2[DD,] F.=2DD)] _,[-D =D} +2D, 420, p D -ODeD
Power & power Range: P, =05pu,P, =0pu Range: P, = 00pu,P, =-0.5pu e -2D,D,+D,D, -1 ™ "|2pD+0n-1
range (pu) Range: P, =0.67pu B, =0pu Runge: P, =0pu, B, = —067pu
Mode 5 Mode 5’ Mode 6 Mode 6
1 1
t,=0,t,=D;T,,t, =D]T,,t; = (D2 +D3)Th,t4 =T, = F t,=0,t, =(D,+D,-1)T,,t,=D,T,,t, =D]T, .1, =T, :i
Mode D —-D,<D,<1-D, 1-D, <D,
operational 0<D, <D 1-D, <D, <D,
constraints
— — +. — — — + _
P, =2[-D}-D}+D,B+20D,] P, =-p-D¢ +DR+20D] p A H-H-2nnn 4 1203202
Power & power 06T P =0 P o P 066 D-20D+2D -1 DD +2D0+2D -1
Range: P_ =0. ,P. = Range: P =Opu,P. =-0. .
range (pu) B TP o 7P o = =0 R P, =P, ~pu R, =0y, B, =1

Table 4. ZVS constraints, RMS currents and reactive power for the remaining modes.

Mode 2 Mode 2’
ZVS possible for YES YES
all switches?
Constraints i,(4,)<0i,(4)>0&4,(1,)>0 i(4,)<0,i,(4)>0&i,(2,) <0
vy =200 200 =D 472D 20D |
[i76)(1-D) ]+ [’ (1-n) ]+
Reactive power |:iL3(tl)—iL3(tn):|+ P00 |
Q@ | B2 e
i (6)—i () n i () +i; &) 3 iLl(tz)’iLz(tl) | [Ll(to)JriL}(tz)
l, , A T
O =V,0 Xy O =V Xl
Mode 3 Mode 3’ Mode 4 Mode 4

NO NO YES NO
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3. Generalization of TPS control scheme

From the analysis presented in previous sections, TPS control can be generalised for all known
phase shift modulation techniques. To illustrate this, the following examples are considered by
applying the mode operational constraints defined in previous section.

i. Conventional phase shift (CPS): This is defined by D:=1, D>=1. Applying this definition to
modes 6 and 6’ yields 0<Ds<1. CPS is therefore fully achieved with these two modes.

ii. Dual phase shift (DPS): This is characterized by Di=D>=D. Applying this definition to modes 6
and 6’ yields Dz0.5 and 1-D<Ds<D. This does not represent the complete control range for D.
Considering modes 3 and 3, if Di=D:=D, therefore D<0.5 and D<Ds<1-D. Consequently, modes
3,3, 6 and 6’ can cover the whole operating range for DPS.

ii. Extended phase shift (EPS): This is defined by either bridge voltage being a full square wave
with the other bridge voltage controlled to be a quasi-square wave. Considering modes 6 and

0, if

- Ds=1, therefore D>>0 and 1-D><Ds<1

=  D»=1, therefore D:>0 and 0<Ds3<D:

EPS can therefore partially be achieved with modes 6 and 6’. Modes 1, 1’, 2 and 2’ cover the
remaining EPS range of operation.

For Modes 1 and 1/, if:
- D1=1, therefore D:<1 and 0<Ds<1-D:

For Modes 2 and 2/, if:
- D:=1, therefore Di<1 and D:<Ds<1

4. Optimization example using reactive power minimization algorithm

The following section outlines the implementation of generic per unit system TPS algorithm,
that aims to reduce the converter reactive power flow, considering the complete operating range of -
1 pu to 1 pu. Circulating RMS current can also be used if desired to minimize, rather than reactive
power. Detailed algorithm features to overcome reactive power losses are discussed, while extensive
theoretical and experimental evaluation are also performed. In TPS control, phase shift parameters
D1, D2 and Ds are varied to achieve the required output power transfer, with the objective of
enhancing regulation flexibility of the converter, compared to CPS, EPS and DPS schemes. This leads
to several TPS modes meeting the same reference power requirement as illustrated in Figure 9, but
rather, with different reactive power loss values. To exemplify the task required, in order to
determine optimum mode, consider an active reference power requirement for 0.3 p.u as an example
for a given DC link voltages. According to Figure 9, modes 1, 1’, 2, 2, 3, 4, 5 and 6, meet the required
power to be transferred. Hence, a multi-step optimization procedure eliminates modes which cause
unnecessarily high circulating reactive power through selection of optimum TPS mode, from all
possible operating modes fulfilling the required reference power. Once the optimum mode is
determined, the corresponding TPS phase shift combination satisfying minimum reactive power
generated are listed.

b Power (pu) >
-1 -0.67-0.5 0 0.5 0.67 1

Mode 6' Modes Modes Modes Modes  Mode 6
4'5& 11223 1,1'2,2'34,5 45&6
6' 4'5'& 6' &6
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Figure 9. Map of TPS modes vs output power ranges in pu.

In this reactive power optimization algorithm, The first step is to convert all modes derived peak
current, RMS currents, RMS voltages, active and reactive powers into pu system. These base values
are defined as follows:

Vbase = VDCI = VDCI( )

the = 8f;Lm
[ =tm (55)

8/.L,

P base VZDCI

8-}21‘101

_ V'

“ "R/,

The resulting pu expressions are independent of Lw and f, as an example of instantaneous
inductor current and power equations of (56), (57) and (58) for mode 1 shows below

i, (t )(pu) == |:2VDC1(pu)D1 —2n Vocz(sz :|

i )(pu) |:4VDC1(W) D; - ZVDCI(W)DI + 2nVDC2(W)D2 :|

(56)
i, (1 )(pu) = |:4VDCl(pM)D2 + 4VDCl(pu)D3 - ZVDa(Im)Dl +2n VDcz(l,,,)Dz :|
it )(pu) = |:2VDC1(W) Dy =2n Vncz(lm)Dncz :I
1Y pesi [ D -DD,+2D,D; |
Bodet(m) = v (57)

DCl(pu)

12

(Vo D2+ 32) " D=2V, DZ)JX

(pu)” D pur)

2w

i @)(1-D) [+

Oretem) = {i“’”‘)}(’l)‘iL(pu)}(tO)]{iL‘wf(‘z)""L“’")S(Zl)} (58)

1 Vocim Vocip) = oot
v +[1.L(W>3(t3)‘iL(m>3(t2)]
VDCI( pu]

The next step involves, implementation of the algorithm, which is described through a flow chart
diagram of Figure 0 and can be summarised as follows,
- The algorithm determines mode(s) that meet the required reference output power (Prefipu).
- Once the correct mode(s) is/are computed, the algorithm responds by calculating key metrics
such active and reactive power values for each mode(s).
- By using set of nested for loops, minimum reactive power search is performed, considering of
all possible modes and results are listed.
- From this list, the mode that generates minimum reactive power is selected.
- Finally, the algorithm generates respective values of D1, D2 & Ds for the optimum mode (D1,
D2opt & Diopt).
The algorithm can be extended to include applications that involve variable input and output
DC link voltages. Instead of assuming fixed DC link voltages, it can be updated to also include Vbcigpw
and nVpczpw as an input parameter in addition to Prefipu).
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Figure 10. Flow chart of the TPS iterative optimization algorithm.

5. Results

In this section simulation and experimental verification are presented. To differentiate from the
transformer voltage conversion ratio, an effective method is to perform analysis across the whole
conversion ratio and power levels for each conversion ratio i.e,

nV.
R, =—F= (59)
VDC]

Therefore, considering converter operating range of 0 pu to 1 pu reference powers and for Rv=2,
that is illustrated in Table 5, the advantages using triple phase shift algorithm to minimize the
converter losses is evident. In the example of Rv=2, for partial power operation of pr=0.5 pu and
pre=0.25 pu. This test shows modes that can meet the reference power, possible minimum reactive
power for each mode and corresponding TPS values. Note that, each mode that can achieve the
reference power output, the resulting reactive power is the minimum possible within

Table 5. TPS Mode selection performance of the algorithm for Rv=2 at pref=0.25 pu and pref=0.5 pu.

Pref= 0.5 pu
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Mode 1 1 2 2’ 3 4 5 6
Prf(pu) | 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Q(uw) | 05771 | 2.8865 | 3.7519 | 1.4425 | 1.1430 | 1.1430 | 0.5771 | 0.5771
D1 1.0000 | 1.0000 | 0.5000 | 0.5000 | 0.5000 | 0.5000 | 1.0000 | 1.0000
D2 0.5000 | 0.5000 | 1.0000 | 1.0000 | 0.5000 | 0.5000 | 0.5000 | 0.5000
Ds 0.5000 | -1.0000 | 0.5000 | 0.0000 | 0.5000 | 0.5000 | 0.5000 | 0.5000
Pre=0.25 pu
Mode 1 1 2 2’ 3 4 5 6
Pref(pu) | 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Q(pu) | 0.3423 1.5043 | 2.5335 | 0.8659 | 0.6123 | 0.8355 | 0.2990 | 0.6318
D1 0.7500 | 0.7500 | 0.2500 | 0.5000 | 0.5000 | 0.6600 [ 0.6700 | 0.9800
D2 0.5000 | 0.2500 | 0.7500 | 0.7500 | 0.2500 | 0.1900 | 0.3300 | 0.9000
Ds 0.2500 | -1.0000 | 0.5000 | 0.000 0.5000 | 0.8300 | 0.3600 | 0.1100

25

that mode, irrespective of its magnitude. During partial loading of 0.5 pu and 0.25 pu, eight
different modes achieve the active power requirement as depicted in Table 5. Taking the case of Prefipu)-
0.5 pu, a minimum reactive power (Quir) flow of 0.57 pu for modes 1, 5 and 6 is generated, while modes
2 outputs the maximum reactive power (Qmax) loss of 3.75 pu; a difference of 3.18 pu for the same
active power requirement. The corresponding optimum TPS values leading to Qumin are, D1op=1, Daopt
=0.5 and Dsep: =0.5. This is EPS modulation scheme discussed in section 2 and further shows the
importance of the TPS in generalising all known phase shift control schemes.

Similarly, at partial loading of Prefpu=0.25 pu, the advantages of the TPS algorithm is even more
noticeable for Ro=2. Qmin output of mode 5is 1.16 pu, whilst mode 2, leads to a Qme=3.75 pu, a difference
of 4.74 pu. Therefore, these minimum reactive power values are the optimum which the controller
selects for Diopt =1, D2 opt =0.5 and Dsept =0.5. Table 6 presents the response of the algorithm when Rv
ratio is further increased to 4. Using the same reference power of 0.5 pu and 0.25 pu, as in previous
case, eight different modes operate at the required active power. When 0.5 pu is required, mode 6
generates a Qumin of 1.16 pu, while mode 2 leads to a corresponding, Qmax of 5.92 pu. Reducing Pref ) to
0.25 pu, a Qmin of 0.51 pu and Qma of 4.31 pu is generated by modes 5 and 2. The optimum TPS
parameters that lead to minimum reactive power when Pre0.5 pu are, Diopt =0.85, D2 opt =0.40 and Dopt
=0.55. While for Pre=0.25 pu, Diopt =0.81, D2opt =0.19 and Dsopt =0.64. Again, as with these two cases, the
algorithm as expected was capable to determine and select Qumin.

Table 6. TPS Mode selection performance of the algorithm for Rv=4 at pre=0.25 pu and pr=0.5 pu.

Pre=0.5 pu
Mode 1 1 2 2’ 3 4 5 6
Pref(pu) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Q(pu) | 1.4425 3.7519 5.9160 3.6066 2.4528 2.1802 1.2941 1.1579
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D: 1.0000 1.0000 0.5000 0.5000 0.5000 0.6500 0.8500 0.9800
D: 0.5000 0.5000 1.0000 1.0000 0.5000 0.4000 0.4000 0.3600
Ds 0.5000 | -1.0000 | 0.5000 0.0000 0.5000 | 0.7000 0.5500 0.6600
Pre=0.25 pu
Mode 1 1’ 2 2’ 3 4 5 6
Pref(pu) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

Q(pu) | 0.5556 1.7335 4.3103 2.5582 0.9182 0.8208 0.5074 0.5579

Ds 0.7500 0.7500 0.2500 0.5000 0.5000 0.8500 0.8100 | 0.9800
D: 0.2500 0.2500 0.7500 0.7500 0.2500 0.1500 0.1900 | 0.1400
Ds 0.5000 -1.000 0.5000 0.000 0.5000 0.9000 0.6400 | 0.8700

To further validate the importance of TPS algorithm, a 100 kW, 1kV/4kV converter is simulated
using Matlab/Simulink using 2 kHz switching frequency and Li: of 0.62 mH for HVDC
application. Simulation results of Figure 11 and Figure 12, highlight effect of operating the converter
at non-unity Rv. The results of Figure 11 illustrate the converter operating at Rv ratio of 2. Figure 11
(a) depicts the corresponding active power output 1.0 pu from time =0 to = 0.2s, 0.5 pu from =0.2s to
t=0.4s and 0.25 pu from t=0.4s to t=0.6s. The superimposed reactive power plots of the TPS algorithm
and conventional phase shift (CPS) is displayed in Figure 11 (b). As in previous case, regardless of
the voltage conversion ratio, at 1.0 pu output power, the reactive power is uncontrollable. But
however, observe the significant difference of reactive power at low power levels of 0.5 pu and 0.25
pu, where DAB converter losses are significant. For 0.5 pu, between t=0.2s to t=0.4s, the dash red line
represents a reactive power value of Q=1.05 pu, while, for the TPS optimisation algorithm shown by
the solid black line, Q=0.56 pu. This is a significant improvement, which will translate to conduction
and copper losses reduction.

Similarly, for output power of 0.25 pu, the reactive power loss gap widens further between CPS
and proposed control scheme, a difference of Q=0.44 pu. Figure 11 parts (c) to (f) depict the
transformer AC voltages and currents at 2 kHz. Waveforms of Figure 11 parts (c) to (d) show AC
voltages TPS and under CPS. In Figure 11 (c), va1 and v«2, waveforms are full square waves, for all

10' 10’

8 25
p 1pu
S “~
=4 0:5 pu 1 I
5 < 25pu
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. 0 0 pd QTIS_opt
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Figure 11. Simulation results for Rv=2 (a) active power (b) reactive power, (c) CPS AC voltage
waveforms for bridges A and B, (d) TPS AC voltage waveforms (e) Peak inductor currents, (f) RMS
currents, (g) CPS control variable (h) optimum TPS control variables.

0.6

power levels, and the corresponding D1, D2 and Ds values are shown in Figure 11 (g). In Figure
11 (d), the quasi square wave pattern for low power level of 0.5 pu and 0.25 pu respectively can be
seen. The TPS control parameters, that leads to this low reactive power is depicted by Figure 11 (g).
Peak and RMS inductor currents, waveforms are shown in Figure 11 parts (e) and (f). During low
power transmission of 0.5 pu and 0.25 pu the improvement of the switching algorithm over CPS

scheme can be seen.

Experimental test rig of a down scaled 568W 24V/100V DAB converter prototype, was also
performed to show the TPS algorithm response under wide Rv. The converter parameters are
indicated in Table 7 and the circuit layout, including a photo of the test rig, are shown in Figure 4.12.
The entire TPS controller was implemented using Texas instruments TMS320F2335 Microcontroller
mounted on eZDSP evaluation board. Several test setups are performed that include the following;:

Table 7. Converter Parameters.

Input DC voltage Ve 24V

Output DC voltage Vbez 100V
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Total inductance Ltot 63.36 uH
Switching frequency fs 2 kHz
Transformer turns ratio n 100/24
Input DC capacitor Cocz 1200 uF
Output DC capacitor Cpc2 2700 uF

LV HV
N Bridge A i Bridge B . I/--‘\
: : +D(‘I —_— —\ ])(2+ :
| | L, ! I
Lysc, |y oo Lysc, !
: G :LDC JQ Vaei(t) var(t)| VD”: ‘ :
| I - - _ | |
|

\ ) —_ | ;I B

=== s TP Modilaton eI

NN Controller {

eZDSP F28335 i

(Code - - : - RSN A S
QD composer) Air core inductor Transformer

Figure 12. (a) Block diagram of test system (b) Test set up.

The hardware test sub-systems consist of the following,

- Low (LV) bridge and high voltage (HV) bridge single phase dual active converter bridges which
are implemented using four active insulated gate bipolar transistor (IGBT) switches, with
associated gate driver circuits for galvanic isolation between the switches common points and
microcontroller common ground.

- Texas instruments F28335 Microcontroller.

- 2 kHz nano-crystalline core transformer and external air core inductor.

- DC filters capacitors.

- DC power supplies powering sensor circuits, gate drivers, microcontroller, and cooling fans.
This test is designed to study the response of the TPS contoller when the converter is required

to source/sink while operating at full/partial loading scenarios at Rv=1. Results of Figure 13 (a) shows

when the converter is operating at full rated power of -1 pu (power flow from HV Bridge B to LV

Bridge A) initially. Before power reversal is performed, bridge B is sourcing while bridge A is sinking,

which is evident from the DC currents Ipci, Ipc: directions and the full square waveforms of the

transformer AC voltages vii and vazat 2 kHz.  After short duration, a full power reversal of 1 pu is
commanded. Observe that, the directions of the DC currents reverse fast as expected with virtually
no noticeable transient’s overshoot. Similarly, the full square wave transformer ac voltages ve1 and

vac2 phase shift reversal can be seen, where va1 now leads va2 by 90°. The inductor current i,
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Figure 13. Measured voltage and current waveforms showing power reversal capability TPS
algorithm.

to the TPS controller. The quasi-square wave ac voltages at 0.5 pu active power are illustrated
at the bottom of the Figure 13(b).

direction change is also illustrated in the figure. In Figure 13 (b), the algorithm response to +0.5
pu partial power operation is also demonstrated. A fast partial power reversal of 0.5 pu to -0.5 pu , is
achieved.

Similarly, to validate the algorithm in terms of selecting minimum reactive power flow, out of
all possible modes for active power reference of 0.5 p.u and 0.25 pu , individual test was further
performed, at voltage conversion ratio of Rv=2. Figure 14 shows post processed results representing
clusters of bar graphs of the modes reactive power and efficiency for partial power levels of 0.5 p.u
and 0.25 p.u respectively. The corresponding practical AC and DC waveforms of the results of Figure
14 (a) is presented in Figure 15.

e
35
3.0~
254

204

EI.S
05 | - L

Figure 14. Experimental values of reactive power and efficiency for active power operations of (a) 0.5
pu (b) 0.25 pu when Ro=2.
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Figure 15. 0.5 pu measured AC and DC waveforms for optimum mode selection when R.=2 (a) Modes
1,5 and 6 (b) Mode 1’ (c) Mode 2 (d) Mode 2’ () Modes 3 and 4.

This agrees with the result of Table 5, whereby modes M1, M2, M2’, M3, M4, M5 and M6 were
able to transmit the required active power. Similarly, performance of the algorithm was further
evaluated at low output power level of 0.25 pu as demonstrated in Figure 4.14 (b). According to Table
5, Modes M1, M2, M2’, M3, M4, M5 and M6 were able to transmit the required active power 0.25 pu.
M5 is the most efficient mode, with Qmin=0.23 pu, while the M2 is the worst with corresponding
reactive power circulation of Quin=2.63 pu, a significant difference of 2.4 pu (680 Var). Typical
oscilloscope waveforms recorded for the least and the most efficient mode M2 and M5 is illustrated
by Figure 16 parts (a) and (b).
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Figure 16. 0.25 pu reference power, AC and DC waveforms when Rv=2 (a) Mode 1 (b) Mode 1’ (c)
Mode 2 (d) Mode 2’ (e) Modes 3 (f) Mode 4 (g) Mode 5 (h) Mode 6.

6. Conclusions

A steady state analysis of single-phase DAB converter using TPS was presented in this paper. It
has been shown that Single phase shift, Extended phase shift and Dual phase shift modulation
schemes are special cases of triple phase shift (TPS) modulation control. Six switching modes and
their complements for reverse power flow have been identified using TPS control. Rather than using
fundamental component approximation to determine average power transmitted, detailed analytical
investigation was performed on all the switching modes. Moreover, based on the mode operating
constraint, the power transfer range for each mode was derived. Inductor current which is crucial in
the determination of DAB performances indices was calculated for all the modes at each time
intervals. In complementary modes, bridge 2 waveform is shifted by 180° from original mode, hence
resulting in equal but negative power transfer. From the analysis, it was observed that modes 6 and
6’ are the only modes that cover the whole converter operating power range. Modes 1, 1, 2 and 2’are
capable of charging and discharging operation, but only for half the power range. Modes 3, 4, 5 and
6 with their complements only provide unidirectional power transfer capability each. Finally, it is
worth noting that, in mode 3 and 3’ power transfer is independent of D3, meaning that it can be solely
controlled by controlling bridge voltages. In addition, this article has shown that the presented TPS
analysis can be generalized to include all phase shift modulation techniques such as CPS, EPS and
DPS.
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Contrary to recently reported in literature, this manuscript has simplified TPS modulation
scheme and thus with the intent to standardize all known modulation schemes for single phase shift
DAB converter. a novel generic per unit reactive power optimization algorithm based TPS
modulation. The algorithm iteratively searched for TPS control variables Diopt, D2opt and Dsopt which
satisfied desired active power, while selecting the mode with minimum reactive power flow. The
algorithm robustness was verified analytically, through MATLAB/Simulink simulations and
experimentally.
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Appendix A

Al: Remaining TPS modes of operation 2 to 6 including its complements.

a) Modes 2 and 2’

The voltage/current waveforms for these modes of operation are depicted in Figure 3.7. Mode 2,
operational waveforms portrayed in Figure 3.2 (a) is characterised by full overlap of positive and
negative transformer voltages. Similarly, for mode 2/, full overlap ve«: and v.2 of both voltage
waveforms feature distinguishes the mode as Figure 3.7 (b) demonstrates. In addition, the inductor
current (i) at each instantaneous current interval and average input/output current are also
indicated.

DT,
Vacl (t)

—‘ Voci r
D;T,
Vaer(® =,
0 T, T, t —‘ el r
D;T, u 0 t

MVae2 (1) T nVpes T, T,
24 h
D,T,
0 ! a2 (Y
I, 0 i
vi(t)
1-|D3))T; .
Oﬁ_L;l_HJ—r” (--D:hTi Ve
ir(® A
0 t

Lt Lty tyttsts 17 13 oty L1535 (5t'5l5t; 17 I3

(a) (b)

Figure A.1. Ideal steady state transformer voltages/inductor current (a) Mode 2 (b) Mode 2'.

i. Mode 2

Mode boundary is determined by ensuring full overlap of positive va1 and negative vaz
transformer voltages. Through, observation of voltage waveform features of Figure A.1 (a), the
following constraint is defined for the mode.
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D, =D, (A1)
1+D,—-D, <D, <1

Analysis of various switching instant of the inductor current, during first half switching cycle is
explained below.

Interval to- ti: During this sequence, the initial inductor current is negative; hence, the current
flows through reverse recovery diodes Ds: and Dss, for bridge A. While in bridge B anti-parallel
diodes D@ and Dgs, carry the current. Figure A.2 (a) shows the resulting equivalent circuit. The
inductor voltage can be expressed as, Vbci+nVpc. Therefore, ii, is

+I’l D2

lL(t)— (t=1,)+i, (t)) (A.2)

ot

Interval t:- t1”: The current polarity reverses during this segment and the equivalent circuit of
Figure A.2 (b) demonstrates the new current path. In bridge A, switches S: and S« start to conduct,
whilst in bridge B the current flows through switches Q: and Qs respectively. The instantaneous
inductor current for this sub-period remains unchanged. Thereby, the inductor voltage also remains
coupled at VpcisnVoez value.

Interval t1’- t2: Current continues to increase steadily and flows in the direction shown by the
equivalent circuit diagram of Figure A.2 (c). It flows through Ds2 and S, of primary bridge A, while
for bridge B, Q2and Qs are still conducting. The voltage impressed across the inductor is nVbc: and
the thus, inductor current can be deduced by

AGE Lf“ (t—t)+i, @) (A.3)

ot

Interval t: — t3: The time sequence begins upon switch Q: turn off. Both AC transformer voltages
are zero and hence, the voltage across the inductor equates to zero. The current continues to freewheel
in Ds2 and through S, in bridge A, while in bridge B, Doz and Qs, conduct the current as portrayed in
Figure A.2 (d). The current is retained at same level as in previous interval.

Interval t3 — ts: Figure A.2 (e), shows the schematic diagram demonstrating the current path
during this sub-period that completes one half cycle. In bridge A, the current continues in similar
path as in previous interval for bridge A. For bridge B, current flows through Do:and Dos. The voltage
across the inductor is -nVpc2. The inductor current is expressed as,

i(t)=- LZCZ (t—t,)+i, () (A.4)

According to Figure A.1 (a), t» values are determined by assuming ts=0, then ti= D1T},t>=(D2+Ds-
1)Tw, ts=Ds3Tw and t+=T%,. By therefore inserting . values in expressions (A.2) to (A.4) respectively, the
inductor current at various switching interval that facilitate the derivation of key performance
indicators for mode 2, which is computed and listed in Table 3.2. According to derivations in Table
3.2, the peak current is achieved by iL(t3). The result obtained for the mode per unit power range is
+0.5 pu, which is similar to previous two modes and the TPS modulation parameters that result in
these limits are given. Finally, mode can operate the converter switching devices under soft switching
if the ZVS limits outlined at the bottom of Table 3.2 are adhered to.

VDCI VDCI

Wic:



https://doi.org/10.20944/preprints202309.1956.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 September 2023 doi:10.20944/preprints202309.1956.v1

34

0 A
AD DQ
|| Cout_l/ ez
0, o
Dy, D,
Poe:

(e)

Figure A.2. Mode 2 detailed equivalent circuit diagrams (a) to-f1 (b) t1-t'1(c) t'1-t2 (d) f2- t3 (e) ts- t.

ii. Mode 2’

To visualise complimentary mode 2’ boundaries, its paramount that overlap of negative vac1 and
positive wu2 transformer voltages are maintained throughout as Figure A.1 (b) demonstrates.
Following similar procedure as in complimentary mode 1" and by extending waveforms of Figure
A1 (b) to the negative half plane, the following mode boundary is derived.

D, > D, (A5)
D, -D,<D,<0

Evaluation of steady state inductor current for the first half switching cycle is performed as
follows.

Interval to- t1: This switching duration is illustrated by equivalent circuit diagram of Figure A.3
(a). At to, the inductor current is freewheeling through diode Ds:and Dss in H-bridge A. Switches, Q:
and Qsof H-bridge B, conduct. The voltage impressed across L, is Vbci-nVpc2. Current ir which
continues to increment is given by

Table A.1. Mode 2 derivations.

Variable
c i(t) = _|:VDC1D1 + 10V, Dy =20V, + 20V, D;
urrents Lol 4fL
s " tot
at each

switching ()= V.Dpe +20V, ., D, =0V, D, +20V,,., =21V, D,
instants L 4fL,
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) Voer Dy +0V,0,D.
ZL(tz): DC1I1 DC22
4~stt0t
i,(t;) =1, (1)
) {VDCIDI +nV,,D,=2nV,, +2nVDCZD3}
L\y)=
4Ly
12
RMS [t o2, [ 04w [0 0] [+ w)
[wm(rmdeZ)_ [lL (tz)(l Dz):|+ 3 % % + % + %
current ot ey "2 "2
RMS , , 12
VerS(madeZ) = (VDCI Dl + (n VDCZ) DZ + 27’1 VDCIVDCZDI )
voltage
VoelV,
Footery == ’Z‘_DC%[DR —D.D, +2D, _2D1D3:|
Average S Lo
ower &
P Pyax =0.5pu (D, =0.5,D, =1,D; =0.5)
range Range: »
By, =—05pu (D =0.5,D,=1,D;=1)
Reactive .
QmodeZ = vrms(modeZ) ><lrms(mod422)
power
AL Achievable for all switches
Constraints: i,(t)<0i()>0&i(%)>0
N
, Voo =1V ey ,
I () =———=(—1))+i, (%) (A.6)

ot

Interval ti- t: The current during this segment changes polarity and the path it flows through
is depicted in Figure A.3 (b). As can be seen, for the bridge A, switches S1 and S+ are turned on, whilst
reverse recovery diodes Dor and Do, of bridge-B carry the current. The inductor voltage is clamped
at Vbcr+nVoc: and the instantaneous current transferred at this segment remains unchanged.

Interval ti'- t2: Figure A.3 (c) shows the equivalent circuit for this sub-period. In bridge A, the
current flows through Ds: and Ss, while for bridge B anti-parallel diodes Dor and Do: conduct. The
inductor voltage during this duration is -nVpc: and the current can be expressed as,

Voo

iL(t) =

(t—t)+i,(t,) (A7)

Interval t2- t'22 During this time instant shown by Figure A.3 (d), the inductor changes from
positive to negative, its Ds2 and S:of primary bridge A and Dq: and Qs of bridge B that conduct current
respectively. The voltage impressed across the inductor remains at -nVbcz and thus, the current is,


https://doi.org/10.20944/preprints202309.1956.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 September 2023 doi:10.20944/preprints202309.1956.v1

36
==C0ut VDC2 VDC_{__
(c) (d)
> —
\
VDCI__ Ci’7== ==Cou1_ _1/ DC2
() (f)
(8)
Figure A.3. Equivalent schematic diagram of Mode 2’ (a) to-t1 (b) t1-t'1(c) t'1-t2 (d) t2- t"2 (€) t'2-t3 (f) '3 -
t3 (g) ts —ta.
. Wi :
i,(0)= 1)+, () (A.8)
ot

Interval t'2- ta: The current is same as in expression (A.8), with zero gradients as shown by
Figure A.1 (b). The equivalent circuit diagram of Figure A.3 (e), shows that Ds: and S continue to
conduct the current for bridge A and it is the freewheeling diode D2 and power switch Q«that the
current flows through for H-bridge B. The inductor voltage is zero during this time sequence.
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Interval 3 - t's: Inductor current increases linearly and the voltage across the inductor is nVoca.
For bridge A, Sz and Ds: conduct, while in bridge B the current freewheels in Doz and Dgs as depicted
in Figure A.3 (f). The inductor voltage is nVbcz, which causes the current to increment gradually.

i, (%) :%(t_%)—l_iL(%) (A.9)

ot

Interval t's- ta: At t's, the current change polarity. Dsz and S« are conducting in bridge A, while
Q2 and Qs are turned on. Current magnitude and inductor voltage are retained at same value as
previous in previous switching instant. This is displayed in Figure A.3 (g).

Therefore, from equations (A.6) to (A.9), the instantaneous inductor current at each switching
interval, can be determined by assuming to=0, ti= D1Th, t2=( D2-|1Ds|)Tuts=(1-1Ds!| )T, te=Ts. These
expressions are listed in Table A.2, together with the derivation of other important mode parameters.
The maximum current is given by |i.(t+)| and the resulting power range for this complimentary mode
is also evaluated to be +0.5 pu. Moreover, ZVS is achievable for all switches and the boundaries for
soft switching are given by the inequalities tabulated.

Table A.2. Mode 2’steady state expressions.

Variable

Voer Dy =nVpe, Dy + 20V, |D3|:|

wo):—{ L

tot

. _ VoerDy =20V, Dy + 0V, Dy =20V, |D3|
i(t)= AL

tot
Currents at

each . Vper Dy = nVpe, Dy

o i, (t,) = | ~2e = M peas
switching 4/ L,
instants

I (ts) =i (tz)

. _ Voer Dy =1V e, Dy + 20V |D3|
i(t,)=

471 L

tot

RMS RN RN RN "
2fL - -
1 ootey = [iLz(tz)(l_DZ)]+I: fss fot {{ZLV(Q)_’;LV(%O :|_|:11, (t;)V I (tl)j|_|:lL (ton);lL (t3):|}‘|J

current

RMS 5 ) 1/2
Vers(mode2’) = (VDCI D, + (” Vpcz) D, =2nV o \Vpe, D, )
voltage
V..V,
P(modeZ') = M[Dlz -DD, +2D, |D3|]
41 L
Average ot
power &

range | Range: WP | = 02P (D, =05,D, =1.0,D; =0.5)
Pyin =—0.5pu (D, =0.5,D, =1.0,D; = 0.0)

Reactive .
QmodeZ' - v)mv(mode2) Xlrms‘(rmdeZ)
power
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ZVS Achievable for all switches
Constraints: 1,(1,)<0,i,(1,)>0&i, (#,)<0
b) Modes 3 and 3’

Mode 3 converter waveforms which is shown in Figure A.4 (a), is characterised by non-
overlapping primary and secondary transformer voltages (va1 and va2). The corresponding voltage
and inductor current waveforms for complimentary mode 3’ are indicated in Figure A.4 (b).

D:T,, DT,
— 115
Vaci(t) Vpar — Vaer() ), N
t
0 T, T, 0 T, 7 t
D.T, D,T,
D;T, Z23'h 21y
Ve (0 -4 ny,.; (t) ﬁnVDCZ
>t 0 ¢
1-|D3) T,

ty ')ttt 1y Is 15 17 Iy to t'ht; b 13 'yttt 7 g
(a) (b)
Figure A.4. Modes steady state voltages and current (a) Mode 3 (b) Mode 3.

i.Mode 3
By following previous steps to determine mode constraint, inequalities defining the mode 3
boundary from the voltage sequence of Figure A.4 (a), is determined as
D, <1-D,
D, <D, <1-D,

Similarly, from Figure A.4 (a), the piecewise linear inductor current, during different sub-

(A.10)

periods is determined over a half cycle as follows,

Interval to- t':: Figure A.5 (a) shows the equivalent circuit. The inductor current is in negative,
for bridge A , the current flows through reverse recovery diodes Dsiand Dss. Q1and Dgs of secondary
Bridge-B provide path for the current. The voltage impressed across Lt is Voci. Thus, iz can be written
as,

iL(t)=Vﬂ(f —1)+1, () (A.11)
L,

Interval t'1- ti: At t'1, the current changes polarity and becomes positive. Switches S1 and Ss of
bridge A are turned on, while Dgiand Qs of the secondary bridge-B are in the conduction path as
shown in Figure A.5 (b). Inductor voltage during this interval is retained at Vbc: and the magnitude
of inductor current remains unchanged, which is given by expression (A.11).

Interval t: — t": During this segment both ve and vi2 AC voltages are zero. The i1, remains at
same value according to previous segment, while flowing through Dsz, S+, Do: and Qs of both H-
bridges respectively, as Figure A.5 (c) demonstrates.
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Interval t’2 - tz Figure A.5 (d) shows resulting circuit structure during this sequence. Anti-
parallel diode Dszand switch Sscontinue to conduct. For bridge B Do1 and Dosbegin to freewheel. The
voltage impressed across the inductor is -nVpcz2. Therefore, the current through Lt is

nv,
I 0= =

Lfot

t—t,)+i, (1) (A3)

QI y <
[\ ' Q
VDCl— Cout__l/ DC2 VD(Z_ L ==Cou1__I/ })(‘ )
0 0y
Dy, Dy
(a)
S S; 0 A
A Y 1 Dy, D3 A D, t
L
Vel G| I Cou VD2 VDCf___
S5 Q2 Q4
i Dy, Dg: 1 7Dy
A
Vo] Vic: V”Cl__ Yoc:

Figure A. 5. Mode 3 equivalent circuits for first half cycle (a) to-t'1 (b) t'1-t1(c) t1-t"2 (d) £'2- t2 (e) t2 -t (£)
t3 —t4.

Interval t:- t: At t2, ir, polarity change from positive to negative occurs. Sz and Ds: start to
conduct and in bridge B the current flows through switches Qi and Qs as shown by Figure A.5 (e).
The inductor voltage is clamped at -nVbc2 with the current remaining unchanged for the duration.

Interval t; - t&:  Figure A.5(f) shows the equivalent circuit for this sequence. S: and Ds: of Bridge
A continue to conduct, Doz and Q«in H bridge-B begin to conduct. Since the difference between AC
voltages, va1 and vaz is zero, this causes the voltage across the inductor to be zero. The inductor
current remains unchanged.

Therefore, according to the analysis above and by assuming t6=0, ti= D1Th, tz= D3Th, t3= (D2+D3)Th
and t+=T}, the inductor current for the first half cycle is computed and listed in Table A.1. Mode’s
equations that comprise average current, RMS current, active power, reactive power and ZVS
possibility are outlined by performing step by step analysis. The result of this derivation is also
tabulated in Table A.1. The peak current is given by ir(f1) for this mode. By observing the active power
expression, active power transfer is independent of Ds, meaning that it can be solely controlled by
controlling bridge voltages. The power range for this mode is evaluated to be maximum of 0.5 pu and
minimum of 0 pu. This shows that the mode is only capable of unidirectional power transfer. ZVS for
all switches is not possible, but rather, the mode partially achieves soft switching for some of the
switches.

Table A.3. Mode 3 Mathematical expressions.
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Variable
i(t)= _|:VDC1D1 —nVpe, D, :|
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4fYLtot
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L\
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i ()= |:VDC1D1 —nVpe, D, }
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4f_;Ltot
i(t)=i(t)
RMS 12
) ) 2f.L, || i) @)= i)-i (¢
Im(lmdﬁ): {[[ILZQ‘I)(DS _Dl)}"[le(l})(l_Dz —Q):H-;_|: f3Lr {{ L (I)VL () (&) VL (2)}}:|}
current ! e
RMS . s 2
Vers(modes) = (Voa D + (nVDCZ) D, )
voltage
_ 1VoelVoes [DD ]
(mode3) 4fL 12
Average s
g
ower &
P » Pyax =0.5pu (D, =0.5,D, =0.5,D; =0.5)
range Range:
Pyin =0pu (D;=0,D,=0,D; =0)
Reactive .
Orotes = Vims(mode3) < s (mod e3)
power
Zvs Not achievable for all switches
Constraints: none
ii. Mode 3’

According to the operating waveforms of Figure A.4 (b), the following two constraints are

evaluated for mode 3'.
D,<1-D,
D,-1<D,<-D,

(A.12)

Steady state analysis for first half switching cycle of mode 3’ current waveform of Figure A.4 (b)

is explained below.

Interval to- t'1: The inductor current starts from negative value, Ds:and Ds« are both conducting
for Bridge A. For bridge B its Dg2 and switch Q4 that carry the current. The equivalent circuit for this
sub-period is shown in Figure A.6 (a). The inductor voltage is Vbc: and current is equivalent to
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Figure A.6. Mode 3’ equivalent circuit diagrams (a) to-t1 (b) t'1-t1 () t1-t2 (d) t2- t3(e) t3 —t's.

Interval t'1 - ti: Figure A4 (b) depicts the current path during this instant. At ¢, a polarity
reversal of the current occurs. Its switches S: and Ss of bridge A that carry the current, whilst the
current flows through Q2and Do« in the second bridge. The inductor voltage continues to be clamped
at Vbci, and ir magnitude remains unchanged.

Interval t: — t2 The slope of the current is zero, due to zero inductor voltage. For bridge A, the
current circulates between Ds2and S: as Figure A.6 (c) shows. For the second H-bridge, the current
flows through switches Dorand Dos.The inductor current remains unchanged for the entire segment.

Interval t2 — t3: The current gradually ramps up during this sequence. Figure A.6 (d) shows the
resulting equivalent circuit highlighting the current path. Its, Ds2 and S« of bridge A , that are still
conducting and for the second H-bridge, the current flows through switches Qzand Qs. The interval
ends when Q: is turned off. The voltage across the coupling inductor is #Vbc: and the current is

i(6)= s (t—t,)+i, (1) (A.14)
L,

Interval t: —t'e: Equivalent schematic circuit is illustrated in Figure A.6 (e) for this time instant.
Since both transformer terminal voltages also for this sub-period equate to zero, the current will
remain the same as segment t2 — t3 with zero slope. The current flows through Szand Ds: of bridge A,
while Dorand Qs of bridge-B provide path for the current to flow through.

By substituting ¢« values of to=0, ti= D1Tn,t>=(1-|Ds|) T ts=(1-1D31+D2)Tr and t+=Ts, in expressions
(A.13) and (A.14), the inductor current at each switching interval can be evaluated. Table A.2,
provides the result of the derivation. The peak current for this mode is given by ir(t+). By following
similar step by step procedure of mode 1, mode steady state equations for average current, RMS
current, active, and reactive power are derived and listed in the Table A.4.


https://doi.org/10.20944/preprints202309.1956.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 September 2023 doi:10.20944/preprints202309.1956.v1

42

Also observe that, the derived active power expression for mode 3’, similarly shows Ds
independence. Mode upper and lower power range capability is 0 pu and -0.5 pu respectively,
providing only unidirectional transfer. ZVS for Mode 3’ is unachievable for the entire range for all
the switches at the same time.
¢) Modes 4 and 4’

Mode 4 waveforms which are graphically depicted in Figure A.7 (a), can be described by partial
overlap of positive vt and negative vaz during the first half cycle and during the second half cycle,
partial overlap of positive v.2 and negative vesr occurs. Similarly, complimentary mode 4’ is
characterised by partial overlap of positive/negative vi1 and vz voltage waveforms for first and
second half cycles as Figure A.7 (b) illustrates.

D;T,
L Py
DT, Vaei(t

12 Vics 1( ) lr
vacl(t) l’ 0 Th "
] » t

T, T,

o r, ! DT

D;T, D.T,

=1 nVpe: MVacz (t) —‘ ’7
Vg2 (t) 0
0 (1D T, J
-nVpcz
vi()

vi(t) 0 — 1 n )
0 4 i t ‘-—| L
ir(?)

i)
0 ¢ t
0 .
Yot 1 thtsty l\;ﬁﬂg W 11t Lzt 15 t's Ity tg

(@) (b)
Figure A.7. (a) Mode 4 (b) Mode 4/, ideal steady state waveforms.

~

~

i Mode 4

Considering the waveform features of Figure A.7 (a), mode 4 boundaries can be described as

1-D, <D, <1-D, +D,
D <D, <1

Half cycle inductor current of Figure A.4 (a) segments are analysed and explained below.

Interval to- t'1: Schematic diagram of Figure A.8 (a) shows the current path during this instant.
Ds1, Dss, Dz and Dgs of DAB converter are conducting. The coupling inductor voltage is clamped at
Vpci+nVpca. Therefore, ir is

(A.15)

Ve +0V;

i) = P2t —t,) +i, (t) (A.16)

ot

Table A.4. Derived analytical expressions Mode 3'.

Variable

Currents
Voo D +1V e, D, :|

at  each iL(to):_[ 4f L

s "tot

switchin
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8
instants i(4)= {

VoD —nVpe, D,
4f.L

s " tot

i, (t,)=1i,(t)

V. ..D —nV, . D
iL(t3)=|: DCl :‘f’z DC2 z}

tot

i (t4) =i (ts)

RMS .3 .3 .3 .3 .
i = {[zf(tl)(l% D)Jfi2e)0-0, —Ds)]{sz‘” {[ e (fo)H’L @<, @}H}

current "y

RMS 5 ) 1/2

I/ers(modeS’) :(VDCI D, +(nVDC2) DZ)
voltage

V.V

P(mode}‘) == M[DIDZ]
Average 471 L
power &
range o ) Dw = 0.0pu (D, =0,D,=1,D,=-1)

Range:

P, =-05pu (D,=0.5,D,=0.5,D,=-0.5)

Reactive .

O nodes = Vimsmode3’) X Limsmode3’)
power

ZVS Not achievable for all switches

Constraints: none

Interval t'1- t1: At t'1, inductor current polarity reversal occurs. Switches S:and S: of Bridge A
switches Q2and Qs, of bridge B are turned on. The inductor voltage is continuously clamped on at
Vbci+nVpez, with no increment in the inductor current value. This is illustrated by schematic of Figure
A.8 (b).

Interval t: — t2: During this interval, shown in Figure A.8 (c), the inductor current continues to
increase with bridge A status remaining similar to the previous sub-period. But for bridge B, Q: is
switched off and the current flows through Dorand Qs respectively. The voltage across the coupling
inductor is Vbci+nVpco.

> o> >
» » v

Do L

sz!__VDFZ VD(I___ Ci”“
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Vber Cou VD2

Figure A.8. First half cycle equivalent circuit diagrams of Mode 4 (a) to-t'1 (b) t'1-t1(c) t1-t2 (d) t2- t3 (e)
t3- ta.

Interval t: — t3: The equivalent circuit diagram is illustrated by Figure A.8 (d), whereby, the
current path in Bridge-B remains unchanged, while in bridge A, it circulates in Dsz and S« The
inductor current is retained at the same magnitude as in previous time sequence.

Interval ts — ta: Figure A.8 (e) shows the resulting equivalent circuit of this segment. Bridge A,
Ds2and Ssare still conducting, but for bridge B reverse recovery diodes, Dorand Do, provide path for
the currentto flow through. The voltage impressed across Lt is -nVbc2. During this instant, the current
is,

i, (t) = _”LVZ (t=t,)+i,(t) (A.17)

Currents at each switching interval for mode 4, can be deduced from expressions (A.16) and
(A.17), by substituting t» values of, to=0, ti= (D2+ Ds-1)Ty, t2=D1Th, t==D3T» and t+=T:. These are given
in Table A.5. Magnitude of ir(t2) results in mode peak current. The corresponding expressions for
steady state RMS current, average current, active and reactive powers equations are indicated in
Table A.5. However, it can be seen that, maximum and minimum power limits are evaluated as 0.67
pu and 0 pu respectively. This only represents positive unidirectional power transfer capability.
Finally, soft switching is realisable for all switches under this mode of operation and the
corresponding constraints are also listed in Table A.5.

Table A.5. Mathematical expressions for Mode 4.

Variable

, V, D, =20V, +nV, D, + 20V, D,

L) == Af L

s tot
Currents
ateach | ;.\ [ Voo + oDy =W + Ve Dy 1l pes D,
. o L\"1)—
switching 4f.L,
instants
V..D V...D
i(t)= {DCI :‘;Z pC2 2}
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i,(t)=1()

) Voer D =20V, +0V, ., D, +20V,, ., D,
Lt)= 4f L

2
RMS 323 RPN DU
L ooty = {[’f(f;)( D- q)]+[2ﬂ3lh {{IL ®)—i; (to):|+|:lL @), (ﬁ):|+|:lL &)+, (to)}}:l}

current Voa 1V Va W
S 2 2 1/2
Vers(mode4) = (VDCI Dl + (ancz) Dz + 2n VDCIVDCZ (Dz + D3 — 1))
voltage
V.V,
Pooien =%[—Df ~D}+2D,+2D,~2D,D, + DD, 1]
A’Uerage s " tot
ower &
p » Pyax =0.667pu (D, =0.67,D, =0.67,D; = 0.67)
range | Range:
Frin = 0pu (Dl = O'O’Dz = 054,D3 = 046)

Reactive _ % i
Qmode4 - vrms(mode4) l
power

rms(mode4d)

7VS Achievable for all switches

Constraints: i, (t,) <0, (t)>0&i, (t,)>0

iii. Mode 4’

Similarly, mode 4’ constraint has to ensure partial overlap of positive/negative vi: and vaz
voltage waveforms for first and second half switching cycles. Thus, from Figure A.7 (b), mode 4’
boundary is given by

[D|<n<D+D)| (A.18)
N-1<D <0

The current expression of each segment for the first half cycle of Figure A.7 (b) is analysed below,

Interval to- ti: Figure A.9 (a) shows the equivalent circuit diagram. The current flow path for
bridge A is through Dsi1and Dss, while for bridge B switches Q:and Q4 conduct. The voltage impressed
across the inductor is Vbci-nVbcz. The segment ends when Q1 is turned off. The inductor current can
be written as,

Ve =1V,
. DCl DC2 .
() ="——"(t—1)+i (%) (A.19)
ot
Interval t1— t'1: The current continues to be negative and circulates between Ds: and Ds: of
bridge A. For bridge B, Dq: start to freewheel and switch Qu is still turned on. Voltage across Lu: is
Vbci. The equivalent schematic showing the converter during this duration is depicted in Figure A.9
(b). The current during is

Voo .
() =—"—@-1)+i,®) (A.20)
L,

Interval t'1— t2: During this duration that is portrayed in Figure A.9(c), at t', the current changes
polarity, and therefore, switches S1and S: of bridge A start to conduct, while Q> and Do« of second

doi:10.20944/preprints202309.1956.v1
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bridge-B carry the current. The inductor voltage is still clamped at Vboci. Current i remains same as
in previous interval. The segment ends when S: is turned off.

Interval t:— t3: The value of the current during this sub-period also remains unchanged and both
transformer terminal voltages are confined to zero state, resulting in zero inductor voltage. The
equivalent circuit of Figure A.9 (d) illustrates the current path, with Dsz, S¢, Q2and Do« playing the
pivotal role of conducting for both DAB H-bridges.

<

S, S; 0 0; D

Voer] Gy Vpes

Y

)/,
’ DC]._. Cm== Cout

Figure A.9. Mode 4’ equivalent circuit diagrams for the first half cycle (a) to-t1 (b) ti-t'1(c) t'1- 2 (d) 2 -
t3 (e) ts- t4

Interval ts— ta: Figure A.9 (e) shows the equivalent schematic diagram during this switching
instant. In bridge A conducting devices remain unchanged, but for bridge B switches Q2and Qs start
to provide path for the current path. The voltage across the coupling inductor is nVpcz. Therefore, i
which is linearly increasing is deduced as,

L0 =%(r—e)+z;<e> Az

Based on the above analysis, the inductor current at each switching segments is evaluated by
assuming, f0=0,t1= (D2-1Ds3|)Tn,t>= D1Tn ts=(1-1Ds31)Tr and t«=Th. The resulting values of the current at
each switching instant are shown in Table A.4. Using these current values, other vital parameters of
complimentary mode 4’ are similarly derived and summarised in Table A.4. Peak inductor current is
given by equation ir(f4). As can be observed also, the mode permits only unidirectional reverse power
flow with the upper and lower active power limits given by 0.0 pu and -0.67 pu respectively. The
corresponding TPS modulations parameters also listed. In addition, it’s worth mentioning that ZVS
for this mode is not realisable for the entire switches.

d) Modes 5 and 5

Figure A.10 shows modes 5 and 5" operating waveforms. As indicated, Mode 5 of Figure A.10
(a) is characterised by partial overlap of positive va1 and positive va for the first half cycle and vice
versa during the second half cycle. Complimentary mode 5’, waveforms, which are plotted in Figure
A.10 (b), is described by partial overlap of positive v«1 and negative v.2 during the first half cycle.
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D, T
D,T, v == Vbci o
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0 »1
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Figure A.10. Steady state transformer voltages and inductor current (a) Mode 5 (b) Mode 5.
i. Mode 5
The mode constraint according to Figure A.10 (a) is
D —-D, <D, <1-D,
(A.22)

0<D,<D,

Table A.6. Derived analytical expressions representing mode 4'.

Variable
i) =_|:VDCIZ)1 —nVpe, Dy +20V |D3q
o 4f.L,
. _ W Dpey +2V Dy =2V |D3| —nVpe, D,
i(t)= AL
Currents
at each
. ] . N Voer D, =1V, D,
switching | i,(t,)= L
instants s
i,t)=i()
| VoD =V, Dy + 20V, |D)|
i(t)= Af1
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RMS i
1 ey UL )| PO @) | | Q@) | |GG
soded) — |:ZL (ts)( _‘Q‘_Q)]"‘ 3 % % + % . %
current pa " na Wie
RMS i , 2
Vers(mode4') = ([Vpa Dl +(nVDC2) Dz _2nVDCIVDC2 (Dz _|D3 |):|)
voltage
nV, .V 2
o’ =%[D22 +[Df -20,|D[-DD, |
Average s
power & W [P =0pu (D,=00.0,=00.0,=00)
range | Range:
By = —0.67 pu(D, =0.65,D, =0.67,D; =—0.35)
Reactive .
O nodes = Vims(moded) X Lims(moded)
power
ZVS | Not achievable for all switches
Constraints: none

The mode half switching intervals of Figure A.10 (a) can be divided into five segments which
are analysed as follows.

Interval to— t'1: During this interval, the current circulates between reverse recovery diodes Ds:
and Ds: of bridge A, while in bridge B its Q1and Dos that provide path for the current to flow through.
This is illustrated in the equivalent circuit of Figure A.11(a). The voltage across the inductor is Vbc:
and thus, the inductor current is given by

. 4 .
i, () ===t )+, (1) (A.23)

Ve i | Cin| i out J/DC2

Vi
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VDCI VDCZ

Figure A.11. Equivalent circuits of Mode 5 (a) to-t'1 (b) t'1-t1(c) t1- t2 (d) t2- t3 (e) £3- ta

Interval t'1— ti: Figure A.11 (b), shows the equivalent diagram. As a result of current polarity
reversal, switches Siand S4, of H bridge A conduct, while in bridge B the current is carried by Do
and Qs. The voltage across the inductor continues to be clamped at Voc: and the current during this
instant remains constant.

Interval t1— t2 The time instant starts upon turn off of switch Qs. The current continues to slowly
increment, bridge A switching pattern is similar to previous segment, but for bridge B, the current
starts to flow through Dorand Dou. This is illustrated by Figure A.11 (c). Inductor voltage is Vocr-nVbc:
and current ir during this duration is expressed as

. V. .. —nV, .
i) =% (t—t)+i, ) (A.23)

Interval t2— t3: Figure A.11 (d), shows the equivalent circuit. The same current path exists for
bridge B but for H bridge A, Dszand S« provide path for the current to pass through. The inductor
voltage is given by -nVocz. Thus, iL for this instant can analytically be represented as,

Q(t)=%?@(z—tz)+a<tz) Azs)

Interval t;— ta: Transformer terminal voltages are zero during this duration. The current remains
constant with a value given by expression (A.24) and thus, no instantaneous power transferred.
Figure A.11 (e) shows the equivalent circuit diagram. In bridge A, Dszand S: conduct the current and
in the second H-bridge, Q2and Dou.

According to equations (A.22) - (A.24), the values of the inductor current at each sub-period, is
evaluated by assuming to=0, t:=Ds3Ty, t>=D1T, t3=(D2+D3)T» and t+=Tx. As shown in Table A.7, the final
mathematical equations for inductor current at each instant, average current, RMS current, average
power and reactive power are obtained for mode 5. Based on this analysis, it can be concluded that
i(t2) gives the peak inductor current. The mode achieves only unidirectional power flow, with
corresponding upper and lower power transfer limits of 0.67 pu and 0.0 pu respectively. Finally, soft
switching for all switches is unattainable for this mode, but rather, ZVS is only partially obtainable
for some of the switches.

Table A.7. Mode 5 key performance indicators.

Variable

i (t)=— Voar D =1V per Dy
Currents | Vo)~ 41 L
at each ‘
switching
instants | i (1) :[

4f L

s " tot

Voer D+ 2V, D +0V 0, D, }
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i ty=| e ~2nV,.,D, +nVDCZD2+2nVDC2D3}
L\"2
4f.L,
‘v D -nV..D
i(t)= DCl :l.f’l/i DC2 2}

i,)=1)

RM 12
S .2 2.](.;[’&)( iL3(tl)_iL3(t0) iLs(tz)fiLs(tl) iLB(t3)_iL3(tZ)
L oy = |:IL (tz)(D3 7D2)j|+ 3 % + v_n. | v
current ! L 2
RMS ) 5 1/2
Ver.v(modeS) = (|:V1 D, + (”VDcz) D, +2nVV, (D3 - D, ):|)
voltage
v,
(modes) — M[_Dlz _D32 +2D,D; +D2D1J
4f L
Average s
power & P =0.667pu (Dy =0.67,D, =0.65,D; =0.35)
range | Range ;mp
PByin =0pu (D, =0,D, =0,D; =0)
Reactive B .
QmodeS - vrms(modeS) X lr’ms(modeS)
power

ZVS | Not achievable for all switches

Constraints: none

ii. Mode 5
By shifting the waveforms of Figure A.10 (b), to the negative half plane, mode 5’ constraint can
be expressed as,

R4p-<n<n)
-1<D<N-1
Five segments emerge for the first half switching cycle, based on the waveforms of Figure A.10
(b), which are briefly described below.
Interval to— t'1: As shown in circuit structure of Figure A.12 (a), anti-parallel diodes Dsiand Dss

of bridge A conduct, while for the second bridge, current flows through diode Dg: and switch Qs.
The inductor voltage is clamped at Vbci and the current continues to ramp up and is expressed as,

(A.25)

Vv
. _"pa .
i,(®) _Lf_ (t—t,)+i, (1) (A.26)
ot
Interval t'1— ti: Diodes Dsiand Ds: are still conducting for bridge A, however for bridge B, Dos
and diode Dq: start to freewheel as shown in Figure A.12 (b). The coupling inductor voltage is
Vpci+nVbc2. The current continues to increment, and its value is deduced as

. V. . +nV; .
i, () =2 (1) +, () (A.27)

ot
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Vper

Vper

Figure A.12. Mode 5 detailed equivalent circuits for first half cycle sequence (a) to-t'1 (b) t'1-t1 () t1-t2
(d) t2- t3 (e) t3- ts

Interval ti— t2: At t'1, the current changes polarity, with switches Sz, S« Q3 and Q+ of both bridges
providing current path as illustrated in Figure A.12(c). The magnitude of the current remains similar
to previous segment and inductor voltage is clamped at Vbci+nVbpca.

Interval t— t: Switches Qs and Qs are still conducting for bridge B while Ds2 and S4 of bridge
A provide path for the current to flow through as depicted in Figure A.12(d). The inductor voltage is
given by nVbc2. Therefore, ir slope can be written as

() =nlfﬁ(t —1)+i, (1) (A.28)
ot

Interval t3- ts: Sub-period starts when Q2 is switched off. Both transformer AC voltages are zero.
The equivalent circuit is plotted in Figure A.12(e). Current path for bridge A , still remains unchanged
and for bridge B anti-parallel diode Do: and switch Qs conduct the current. ir is unchanged for this
duration.

Based on the analysis above, analytical expressions for the mode currents and other key indices
are calculated by assuming . values of, t¢=0,ti= (1-1Ds3|)Th,t= D1Tnts=(1-1 D3|+ D2)Th and t&=Tr. The
resulting values of the derivations for mode 5 are tabulated in Table A.6. The maximum current
obtained is ir(t3)=iL(ts). The mode is capable of only unidirectional power range of 0.0 pu and -0.67 pu.
Moreover, ZVS is achievable across all switches and the resulting inequalities that define the soft
switching boundary are also given in Table A.8.

e) Modes 6 and 6’

Figure A.13 illustrates modes 6 and 6 operational waveforms. Mode 6 displayed by Figure A.13
(a) is characterised by partial overlap of positive va2 with positive and negative of v.:. Complimentary
mode 6" waveforms of Figure A.13 (b), portrays inverse features of mode 6’
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(a) (b)
Figure A.13. Ideal voltage/current waveforms of (a) Mode 6 (b) Mode 6'.
Table A.8. Key derivations for Mode 5'.
Variable
V..D +nV, . D.
iL(tO)=_|: DCl ;f]’i DC2 2}
s "tot
i) = Ve D =2V e |D3| +2V e =1V e, D,
o 4f;LlDt
Currents
at each | [V, +20¥p0, D, + 20,y | D, =20V, =V, D,
switching | i,(t,)=
. 4-](;‘Lt()l
instants -
'V, D, +nV,.,D
i(t)= DCl Al‘fz DC2 2}
L s ot
I (t4) =1, (13)
RMS (30N 23 230N 23 230y 3 "
| 26D 1| 2 { t)=i, (rO)HzL )i, (n)HzL ()=, (tz)}}
current 3 d Vb n
RMS ) 2 1/2
Vers(modeS') = (|:VDC1 Dl + ("VDcz) D, +2n VDCIVDCZ (Dl + (|D3 | - 1)):|)
voltage
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nV,.V, )
Average Feaes) = 4L?LDC_2 |:l)12+|D3| -2D,-2|D,|+2D, |D3|—DID2+1}
s " tot
power &
range Range: })max =Opu (D1 20.19,D2 =07D3 =_081)
» })min = _06671’“ (D1 = 066,D2 = ()67’D3 - _067)
Reactive B .
power Ondes = Vimn(motes) X omes)

7VS Achievable for all switches

Constraints: §(,)<Qi#)<0&(t)>0

i. Modeb6

Mode constraint is determined by observing voltage waveforms of Figure A.13 (a) and ensuring

that the waveform features are not violated. This is given by,
1-D, <D,
1-D,<D,<D,

Mode half cycle interval for each sequence of Figure A.10 (a) is described below.

Interval to—t'1: The inductor current is negative, hence, Ds:and Ds: of bridge A are freewheeling,
whilst for bridge B, the current similarly flows through anti-parallel diodes Do2and Dgs, as shown in
circuit structure of Figure A.14 (a). At the end of the segment, the current falls to zero and the inductor
voltage is clamped at Vbci+nVbcz. it can be deduced from

Voo +0V;
i,(t) =%(¢ —1)+i, (1) (A.30)

ot

(A.29)

Interval t'1— ti: Polarity change for ir occurs at t'1. Figure A.14 (b) shows resulting equivalent
circuit showing switches S1, S4, Q2 and Qs providing path for the current to flow through. The current
value remains unchanged during this segment and is given by expression (A.30). Similarly, the
voltage impressed across the coupling inductor is retained at Voci+nVbca.

Interval t:— tz Plot of Figure A.14 (c) shows the schematic diagram illustrating current path
during this sub-period. The operation of bridge A remains unchanged, while Do: and Qs of bridge-B
conduct. The inductor voltage is Vbci. The current starts to ramp up and can be expressed according
to

V
. DCl .
i, (?) =L—(t —4)+i,(t) (A.31)
ot
Interval t2— t3: As can be seen on Figure A.14 (d), during this time instant, switches S1and Sq, are
still conducting, while for bridge B reverse recovery diodes, Dor and Do+ carry the current. The
inductor voltage is Vbci-nVbc: and ir continues to rise steeply with a slope given by,

) V.. —nV, )
W)=%(f —1,)+i, (1) (A.32)

Interval ts—ts: During this segment, Do: and Do« of H-bridge B still provide path for the current
to flow through and for H bridge A, the current starts to circulate between DSzand S« The equivalent
circuit is shown in Figure A.14 (e). The voltage across the inductor been given -nVbpc: and the current
slightly decrease, and is derived as

ey

iL(t) =

(t—t;)+i,(5;) (A33)

ot
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Applying similar step by step procedures to mode 6 and by assuming t=0, ti= (Ds+D2-1)Th,
t=DsTn, ts=DiTr and t+=Th Solutions for mode currents, active power, reactive power and ZVS
boundaries are obtained and given in Table A.9. The mode peak current is achieved by ir(¢3). It can
be observed from the results of Table A.9, the mode can operate at maximum power of 1 pu and
minimum 0.0 pu range. Finally, soft switching is attainable for this mode and the corresponding
inequalities that define the ZVS range are listed.

S, S; 0 0;

Vet Gy

Vpei

Figure A.14. Equivalent circuit diagrams for mode 6 first half cycle (a) to-t'1 (b) t'1-t1(c) t:1-t2 (d) t2- £3 (e)
t3- ta

i. Mode6’

Mode constraints can be determined by observing the theoretical waveforms of Figure A.10 (b)
and by shifting it to negative half plane. The inequalities describing the mode boundary should
ensure partial overlap of positive vwi(t) with positive & negative of vu2(t) and is given by

=-0=<n
-D <D <-1+D

Analysis of various switching instant of Figure A.10 (b) waveforms for the first half cycle interval
is discussed below and are plotted in detailed equivalent diagrams of Figure A.12.

Interval to— ti: Figure A.15 (a) shows the current path. For bridge A and B, Ds1, Dss, Do1and Do+
allow current to pass through. The voltage across the inductor is clamped at Vbci-nVpc: and the
current through Ltwtis given by

(A.34)

Ve =1V,
. DCl DC2 .
i, (?) :L,—(t —1))+i, (1)) (A.35)
ot
Interval ti— t2: The current continues to circulate between Ds: and Dss anti-parallel diodes. In
bridge B, switch Q2 and reverse recovery diode Do:allow to current to flow through as can be seen in
Figure A.15 (b). The inductor voltage is Vocrand thus ir is
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v
. __pa .
i, (7) _lf_ t—t)+i,(t) (A.36)
ot

Interval t:— t'2: Figure A.15 (c) demonstrates the equivalent circuit during this switching instant.
The operation of bridge A remains unchanged, as the current is still negative, Ds1 and Dss remain in
the conduction path. Meanwhile, in bridge B, current flows through diodes D and Dgs until it
decreases to zero. The voltage across the inductor is Vbci-nVpc2. And the current is given by

Table A.9. Mode 6 expressions.

Variable

. Voer Dy +0V 0, D, +20V,, ., D, =20V,
i,(t,)=— AL

ot

VD, + 2V D, + 2V, D, =2V, +1V,,D,
0(t)= af L
s tot

Currents at V,.D,+2V,..D,+1V,. D,
each i(t,)= Af L

. . tot
switching

instants

4f L

tot

)= {VDGDI —2nV, ., D, +nV,.,D, +2nVDC2D3}
L\*3)—

4f L

tot

) Voer D+ 1V, Dy + 20V, D, =20V,
i(t)=

12
RMS 7 | 2L, )| @i @) 1L3(t2)7iL3(t1) . i(t)—i’ (@) . i2(t,)+i,] (1)
current e 3 Voa 1V per Voa Vo =1V > Ve

RMS

1/2
Verx(mode6) :(I:Vna D, +(nVDC2) D, +2nV Ve, (D, +2D; — D, _1:|)
voltage

v,
A P = M[ D} ~D}~2D}+2D,~2D,D, + DD, +2D,D, +2D, 1]
verage AfL,

power &
range Range: Ppax =1pu (D, =1,D, =1,D; =0.5)
» Poiw = 0pu (D, =0,D, =1,D, = 0)

Reactive

andeG rm.s(rmde6) rms (mode6)
power
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7VS Achievable for all switches

Constraints: lL(fU)<QZL(§)>O,ZL(5)>O&L(§)>O

0 =B )y ) A3
ot

Interval t'>- t3: At t2, the current changes to positive. Figure A.15 (d) displays the current path
during this sub-period. Switches, S1, S+, Q2 and Qs are turned on respectively. Vbci-nVbc, is continually
been impressed across the inductor voltage and ir magnitude is unchanged.

Interval ts— ts: The current continues to ramp up gradually and the equivalent circuit structure
is shown in Figure A.15 (e). In bridge B the current continues to flow through switches Q2 and Qs but
due to zero state of voltage va1, Ds2 and Ss of bridge A conduct. The voltage across the inductor is
nVpcz and the slope of ir can be deduced from

. nV,
lL(t) = LDCZ

tot

(t—t)+i,(t) (A.38)

According to aforementioned analysis, the inductor current at each intervals discussed above is
computed by assuming f6=0, ti= (D2-| D3|)Ty, t2=(1-1Ds|)Th, t3=D1Tn and t+=T». This are provided in
Table 3.11 below, in addition other mode’s important parameters are computed. Observe that the
peak inductor current is obtained through ii(t4). The derived mode active power output and range is
tabulated in Table 10, with a corresponding unidirectional upper and lower transfer limit of 0.0 pu
and -1.0 pu respectively. The converter switches can operate under ZVS with the boundary defined
by the instantaneous current inequalities.

Vel Poc: Voci| Vic:

_Yncz VDC__

(©

Vi

Figure A.15. Detailed equivalent circuits of Mode 6’ (a) to-t1 (b) t1- t2(c) t2-t2 (d) t’2 - t3 () £3- ta.

Table A.10. Mode 6’ parameters.
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Variable
. _ Vo Dy =1V e, Dy + 20V, |D3|
I (to) - 4 f L
. _ “Vper D+ 2V, Dy =2V |D3| —nV e, D,
i(t)= v
Currents at B o
each . B Vper D=2V ey |D3| + 2V, =1V, D,
lL (tz) - 4fL
switching L 5ot
instants _
| VoeD +2nV,0, Dy +20V 0, | Dy =20V 0y =1V, D,
lL (tS) - 4fL
i ()= Vo D =0V e, Dy +2nV, |D3|}
)=
L 4stzoz

RMS 3 3 3 3 3 3 >
I — zstmz iL (tl)_iL (to) + iLS(IZ)_iL3(tl) + iL (t3)_iL (tz) _ iL (t0)+iL (t3)
e 3 Vot =W Vo Vot ¥V ey Wy

current

RMS 2 i s
I/ers(mode()') = ([Voa D, ""(”Vocz) D, +2nV,0\Vpe, (D, -D, )+2|D3| _1:|)
voltage

P _ 1V peiVies
Average (mode6?) 4f L

tot

[Dﬁ + D, +2|D,[ —2D, -2|D,|+ 2D, |D,|-2D,|D,|- D,D, +1J

potwer & P 1 D, =1,D 1,D 0.5
Runge:» max_pu(1_9 2 — b 3_')
range Ppin =0pu (D, =0,D, =1,D; =0)
Reactive
Qmode6' = vmm(modeé') x lrms(mode@)
power
ZVS , )
Achievable for all switches
Constraints: i,(t,) <0, (4)<0,i (1) <0&i, (%) >0
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