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Abstract

With the rising popularity of the power electronic based systems with integrated energy storage, the
multi-port isolated converter topologies are gaining popularity. In contemporary literature, the triple
active bridge (TAB) converter is the most popular among these topologies. However, the TAB was not
yet described with the continuous-time full-order model. In this paper, the continuous-time full-order
model of the TAB converter is derived. The derived model is validated with the measurement of the
control-to-output transfer functions. The derived model can provide useful insights into the operation of
the converter and can be used for controller design.

1 Introduction

The dawn of storage in the electric energy distribution brought increased interest in the multiport topolo-
gies with galvanic isolation. Among the topologies providing galvanic isolation, those based on phase-
shift control such as dual active bridge (DAB) are in the centre of researchers attention. The main
advantages of these topologies are the convenience of bi-directional power transfer and their ability to
operate in soft switching mode across broad operating range [1], [2].

The triple active bridge (TAB) was for the first time introduced in [3] and [4]. The potential applications
of the TAB converter include electric vehicles [5] and dc smart grids [6], [7]. The developments in dc-dc
TAB include decoupling control [1], modelling [8], improving the soft-switching performance [9], and
losses estimation [10].

Averaged models can be obtained via an averaged switch, averaged inductor current or averaged state-
space model. If the converter violates the small-signal ripple condition such as TAB, one needs to resort
to reduced-order models neglecting the current dynamics such as [11] or full-order discrete-time models
such as [8]. However, to gain insights into the control and stability of the converter, it is often desirable
to have continuous-time full-order models [12]. The main advantage of the continuous-time full-order
models compared to the reduced order models is the increased accuracy [12].

The main contribution of this paper is the derivation of the continuous-time full-order model of a triple
active bridge converter. The derived models are validated with the measurement of the transfer functions.

The rest of the paper is organized as follows. Section 2 describes the topology and explains the operating
principles of the TAB. Section 3 presents the generalized averaging method, which is used to derive large
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Fig. 1: Triple Active Bridge consits of 3 full bridges connected to a transformer with 3 windings.
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Fig. 2: Simplified schematic of the TAB converter before and after transformation is in (a), the theoretical
operating waveforms of the converter are in (b).

and small-signal models of the TAB. Section 4 demonstrates the operation of the converter and validates
the derived models with simulation and measurement of the control-to-output transfer functions. Section
5 summarizes the paper and gives an outlook on possible uses of the derived models.

2 Triple Active Bridge

The schematic of the TAB converter is in Fig. 1. The converter consists of three full bridges connected to
the transformer with three windings. The power is transferred across the leakage inductances that can be
inserted as separate components, or the transformer leakage inductances can be used. The zero voltage
switching (ZVS) is achieved utilizing the parasitic capacitance of full bridges MOSFETs.

There are three options to control the TAB. First, is the phase-shift ¢, control between the full bridges,
second is the control of duty ratios of the full bridges and third is the control of the switching frequency.
In this work, only the phase shift control will be analyzed. For the phase-shift control, the duty cycle on
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the full bridges is kept at 50%, and the power transfer is controlled by the phase shifts between the full
bridges. In order to analyze the power transfer between the full bridges, it is beneficial to convert the
schematic in Fig. 1 into a delta equivalent circuit.

Transformation

The Y-type equivalent circuit can be transformed into a delta type equivalent circuit as is depicted in
Fig. 2b. The leakage inductances after the transformation are described as

Lo L
Ls12=Ls1+ nch,z + M,
LG,3
Lo L
Lois=Loi +m°Las+ 52, 1)
G,2
4L6.3L<5,2

Loz = n2Lc,3 +n*Lley+n ;
) Lc,l

where n is the transformer ratio and Ls 1, Ls» and Ls3 are the converter leakage inductances. The
transformer currents in the converter after transformation are
is,1 = —l5,12 — I5,13,
o/ . .
lgp = lo,12 — 16,23, )
N . .
I3 = 15,13 T 15,23,

where is; is the primary side transformer current and i, and i 5 are the secondary side transformer
currents. The transformer ratio is accounted as i, , = nig» and i ; = nig 3.

Operation

When using the phase-shift modulation the voltage on the primary v, (t) = 51 (t)v;,(7) is achieved through
the switching action which is defined as

1 in 0<t<Z
s1(1) = r 3)
-1 in 3 <t<T5,
where T is the switching period.
On the second port the voltage is v{ | (T) = 52(T)nvour,1(t) which is achieved via switching action
I in @h<rclpal
52(1) = . > T (pT,2 ’ ’T 0T, )
-1 in 0<t<®* and 3+ <1<T,
where @ is the phase-shift between voltage v, (t) and v/ (7).
And on the third port the voltage is v{ ,(T) = 53(T)nvou 2(T) obtained via switching action
1 in 2L gL ok
53 (T) — 2 — 2 2 (5)

~1 in 0<t<®%: and LT4+®t<rcr,

where @, is the phase-shift between voltage v, (t) and v{ , (7).

The equations describing operation of the TAB converter depicted on Fig.1 after transformation of the
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lekeage inductor currents are

Cont v (9= 2599 4 (1) (1) + 1, ©)
Cout,Z%VOutl(T) = - v}%;(:) +53(0)ig3(T) +1Iv 2, @)
LG,IZ%iG,IZ(T) = —Rs 1205,12(T) +vp(T) =V, | (7), (8)
Lc,l,g%ic,m(«;) = —Ro3ia13(t) + vp(T) — V5 (%), ©
LG,B%,‘G,B (€) = —Rosions(¥) +1,, (1) — v, (%), (10)

where Coyt, 1, Cout,2 are the output capacitances, Rou,1 and Ry 2 are the output resistances, Iy | and Iy > are
the output dc currents and R 12, Rs 13 and R 23 are the parasitic resistances in the delta type equivalent
circuit of the TAB.

Ineq. (6)-(10) it is assumed that transformer magnetization current is insignificant. Further, the MOSFET
switching transients are neglected as well as the voltage drop across the MOSFET body diode. The
polarity of the output current sources Iy, and Iy can be both positive and negative to allow the bi-
directional power transfer. The input capacitance is coupled in the ideal voltage source Vj,, and the reason
is twofold. First, the input capacitance is normally large enough to minimize any ripple. Secondly in
most cases it is desired to control the voltages on the secondary side of the converter, therefore output
capacitors Coy,1 and Coue2 are modelled. The parasitic resistances Rg 12, Rs,13 and Rg 23 represent both
the ohmic losses in the magnetic circuit as well as in the semiconductors.

3 Modelling
Generalized Averaging Method

The generalized averaging method was derived in [13], motivated by the switching circuits that did not
fulfil the small-ripple condition. The generalized averaging method was applied to the DAB in [12].
Recently it was improved to limit the small steady-state error in the closed-loop control signal of the
DAB in [14] and even reformulated for the use with dc grid models in [15].

Because in the case of the TAB, the ac ripple in the current is far from being negligible, the generalized
averaging method needs to be applied. The core idea is to represent the state-space variable during the
switching interval 1 — T; < T < ¢ using Fourier series approximation

oo

x(1) =Y, (xX)i(r)e kT, (11)

k=—oc0

where (x) is the k — th coefficient of the Fourier series and can be expressed as

(e(t) = % /t iTﬂx(r)e*fkwﬂdc

= %/t x(t) cos(kmyT)dT (12)
t—=T+s

j t

—= x(t) sin(kwyt)dT.
T Ji—1+s

The switching coefficients when the duty ratio is fixed to 50% after averaging are

(s1)0 = (s1)1r = (s2)0 = (s3)0 =0, (13)
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where d; and d; are the phase-shift ratios equal to % and % respectively.

(14)
15)
(16)
a7
(18)

The generalized averaging method will not be applied explicitly here to eq. (6)-(10) in order to keep the
length of the paper reasonable. However, the generalized averaging method was explicitly applied to
DAB equations in [12].

Large Signal Model

We can assume that the dynamics of the input voltage source and the output current sources are much
slower than that of the TAB. Therefore the dynamics of the averaged input voltage source and out-
put current sources fulfil following set of equations (vin)o = Vin, (Vin)1r = (Vin)11 = 0, {in,1)0 = In 1,
<iN,1>1R = <l'N71>11 = 0, <iN,2>0 = ]Nyg, <l'N72>1R = <l'N72>11 =0. The large—signal model of the TAB can be
written in the state-space form as shown in eq. (19).

Small Signal Model

To derive the small-signal average model of the converter, we first define the small-signal deviations as
Ady =dy —D1,Ady = dy — D>, Avou,1 = Vout,1 — Vout,1, AVout,2 = Vout,2 — Vout,2, Als, 128 = is,128 — Is,12R, Alg,121 =

i, 121 — 1,121, Aig 138 = 5,138 — I5,13R, Ais,131 = i,131 — 15,131, Alc 23R = 16238 — I6,23R, Aig 231 = i5231 —
I5231. where A defines the small-signal state, the upper case letters represent the dc terms and the lower
case letters the large-signal states.

Equation (19) contains nonlinear terms such as multiplication of the control input and state variables.

Vout,1
Vout,2
i,12R
d |is121
ic,13R
iG,131
i5,23R

| {6,231 |

—1

— 0
Roul,] Cuut,l
0 ) S
Rout,ZCoul,Z
2nsin(dm) 0
Lo, 12
2ncos(dm) 0
_ Tle,12
- 0 2nsin(dym)
nlo,13
0 2ncos(dym)
Lo, 13
2nsin(d;m) —2nsin(dpT)
nLs 23 Lo 23
—2ncos(dim)  2ncos(dam)
TLg 23 nls,23
- - 0 _
Vout,1
Vout,2 0
iG.12R 0
is,121 =2
x | @ + | *lo12
l6,13R 0
iG,131 —2
. TELGV 13
15,23R 0
| /0,231 | 0

O

SO OO ©O o O

—

out,1

—4nsin(dit)  —4ncos(d|m)
nCuul,l TECout,l
0 0

—Rs
Ls,12 s
— 0 Ton
0 0
0 0
0 0
0 0
0
_ 1
Cout,Z
o v
0 Iy
Ino
0
0
0
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For small Ad,, the nonlinear term can be written as

sin(nd1 )Vout,lo = sin(Tch )Avout,lo =+ Vout,lo sin(chl) + Vout,lo Ccos (TEDl ) (TCD1 ) (20)
The small signal model of the TAB converter is written in eq. (21).

4 Simulation and Experiment

In order to verify the proposed model simulation and experimental results are compared. The small-
signal models are verified via measurement of the control-to-output transfer function. The control-to-
output transfer functions of the converter were measured with vector analyzer Bode 100, which operation
is described in [16].

The TAB prototype is shown in Fig. 3, and the circuit parameters are summarized in Table I. During the
measurements, the input voltage was 100 V, to keep the measuring probes of the vector analyzer Bode
100 safe. The load resistances Roy1 and Roy2 were set to 9 Q and the converter switching frequency
was 20 kHz. The converter prototype is controlled using microprocessor TMS320F28379D from Texas
Instruments.

An example of the operating waveforms of the TAB prototype are in Fig.4. Figure 4a shows the wave-
forms of the converter when the phase-shifts ¢ and @, are the same, i.e. @3 is equal to zero. Figure 4b
shows the waveforms of the converter when @ and @, are different. During this operation mode, there
is power transferred between the two secondary ports because @3 is not equal to zero.

The magnitudes of the control-to-output transfer functions of the TAB are compared in Fig. 4c-4f. The
solid line represents the simulated results, while the crosses represent the measured data points. The
mismatch between the measurement and the simulation is minor. Further improvement in the accuracy
could come from including higher order components of the Fourier series. Incorporating these terms
would improve the precision in the higher frequency part of the Bode plots. Improvement in the low-
frequency part of the Bode plot can be gained when improved GAM models are used such as [14].
However, the match between the measured results and the simulation give confidence that the derived
model is valid. Moreover, the model in the present form gives good trade-off between complexity and
accuracy and can be used to design novel controllers.

M —1 0 —4nsin(Dyw)  —4ncos(Dm) 0 0 4nsin(Dym)  4ncos(Dim) ]
Rout,lcoul,l TECouI,l ncoul.l dnsi (D ) 4 (D ) 4 nCo(uBl ) 4 nCo(Lllel )
r b 1 —4nsin(D, —4ncos(DyT nsin(D,m ncos(Dym
Avou[,l . O RouLZCoth 0 0 nCoul,Z choul,Z nCouLZ nCoull
A}’om,Z 2”:[‘2(D17T) 0 ZRU oy 0 0 0 0
AI.G,IZR Ztlcos(j(i)zl ) 0 jé)z —Rgs 0 0 0 0
S Ais 121 _ Tl 12 ) $ Ls,12
dr |Aig13r 0 LR 0 0 [ o 0 0
Ais 131 2ncos(Dm) ’ “R
Aic,'23R . 0 TCIjG.lS 0 0 — Wy Lc‘l(; 0 0
| Aic 231 | 2";’2152; 2 72’1':2:_(22 = 0 0 0 0 L_chz Os
—2ncos(D ) 2ncos(Dym) _ —Rgs
nls 23 7l 23 0 0 0 0 s Ls 23
-Avout,l T r . I
Av 0 —4n []313‘0 cos (7'CD2)) — By osin (TCDZ))]
A out,2 vaout,l,o (o] (TCDl) 0
.G" 12R —211V0ut’17() sin (TCDl) 0
Al 121 0 Py D Ad,
A ae| T 1Vout,2,0€0s (D7) Ady |-
Aicﬁ 1'31 0 _2nVout,2,0 sin (TCD2)
Ai°’23R 2nVout1,0c0s (TD1) —2nVout2,0€0s (D7)
Aic.’ . __vaout,l,o sin (TtDl ) —ZnV(,uLg,o sin (TCDQ) ]
6,231 |
21
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Parameter Acronym Value
Transformer ratio n 7 [-]
Primary Inductance Lo 78 [uH]

Secondary Inductance  Lg 2&3 15.5 [uH]
Output Capacitance Cout,1&2 1.22 [mF]

Primary Resistance Ro.1 20 [mQ]
Secondary Resistance  Rg 243 4 [mQ]
Fig. 3: The triple active bridge prototype. Table I
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Fig. 4: Experimental and simulation results showcasing the operation of the prototype and validating the
proposed model. In (a) is the operation of the converter when the phase-shift @3 is zero while in (b) @3 is
non-zero. In (c), (d), (e), (f) are measured and simulated control-to-output transfer functions of the TAB.

The equivalent series resistance (ESR) of the output capacitors is not considered here. The effect of the
ESR on the model performance was already described for DAB in [12]. Moreover, the current prototype
employs extremely efficient capacitor bank based on the X7R technology, which minimizes the ESR
virtually to zero, making the ESR effect almost unmeasurable.
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5 Conclusion

The paper presented a continuous-time full-order model of the triple active bridge converter (TAB).
The proposed model uses switching frequency terms in the Fourier series of the state variables and can
describe the dynamics of the purely ac transformer currents. This feature is particularly important when
working with TAB converters because it provides insights into the origin of the coupling between the state
variables. The proposed model is validated via measurement of the control-to-output transfer functions
of the TAB converter. The simulation and experimental results show that the proposed model is accurate.
Moreover, the proposed model offers a good trade-off between complexity and accuracy. Therefore it
can be used to design new control laws for the TAB.
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