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Abstract: In this study, a two-stage DC—DC converter for high current applications is studied. The converter consists of two
three-phase full-bridge inverters connected through three AC coupled inductors. A switching-functions-based model of the
converter is first established, and then a control scheme is designed for both inverters in order to ensure a high power factor
at the AC stage, and a regulated voltage at the DC load. The performance of the proposed control system is verified through
numerical simulations. First, an ideal DC source is considered in order to test the performance of the control system, then a
proton exchange membrane fuel cell is applied as the DC source in order to highlight the usefulness of this converter in such

applications.

1 Introduction

During the last two decades, several DC—DC topologies that
cover a wide power range have been proposed. Most of them,
based on the use of MOSFETSs, were dedicated to low-power
applications, and are generally provided with a high-
frequency transformer that ensures galvanic isolation at the
mid-stage [1]. In addition, the input stage of such
converters is limited to a two-leg inverter, whereas the
output stage consists only of rectifying diodes, yielding thus
a unidirectional power flow.

In high-current applications, the use of two-leg topologies
becomes insufficient, and the extension to the above-
mentioned converters to the three-phase case becomes
mandatory because of the limited ratings of the available
semiconductors [2—5]. Furthermore, in order to decrease the
current ratings in such converters without affecting the power
level, a high-power factor is required at the AC mid-stage. This
feature makes necessary the replacement of the conventional
diode bridge output stage by a fully controlled six-switch
rectifier. This topological modification will have other
advantages: (i) the power flow becomes now bi-directional, (ii)
the regulation of the DC voltage at the rectifier output becomes
possible, (iii) the power losses in the cupper and the magnetic
core are reduced, which is due essentially to the reduction of
the root mean square (RMS)-currents and the elimination of
low-frequency current harmonics, (iv) the power efficiency is
consequently increased, (v) the size, weight and cost of the
magnetic core are reduced and (vi) the electro-magnetic
interference (EMI) disturbances become negligible.
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The DC-DC topology considered in this paper is
described in Fig. 1. It is generally used to connect two DC
devices (which can be either sources or loads) that operate
at different voltage levels. The converter consists of two
six-switch inverters connected through three AC inductors.
The resistors R represent the power losses in these
inductors. The power flow in this structure is bi-directional;
however, in the following study, the left-end is
conventionally chosen as a source, whereas the right-end is
considered as a load. Note that this convention will not
affect the generality of the proposed study.

The inductors are designed on a same magnetic core, as
depicted in Fig. 2. The bulkiness of the magnetic core
could be easily and significantly reduced by increasing the
fundamental frequency at the AC stage. Furthermore,
because of the absence of a neutral connection at the AC
level, the sum of the AC currents is always zero, and a
fourth path for the zero-sequence flux in the magnetic core
is not required.

Both six-switch bridges are controlled using the fixed-
frequency carrier-based pulse-width-modulation technique
[6]. The design of the regulators is elaborated according to
the state model of two-stage converter. This model is
established by using the switching-functions approach [7, §].
The obtained model is then used to implement numerically
the DC-DC converter transmission system in Matlab/
Simulink.

Finally, the proposed control system is tested through
simulations with a resistive load and for both cases of an
ideal DC source and a proton exchange membrane fuel cell
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Fig. 1 High-current two-stage DC—DC converter
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Fig. 2 Three-phase inductors using a common magnetic core

(PEMFC) source. For this latter case, a mathematical model
of the PEMFC has been established and applied. The
results have shown good performance of the converter
regarding the DC-bus voltage stabilisation and the high-
power quality on the AC-stage.

2 State-space modelling of the converter
2.1 Basic switching-functions-based model

All components in the basic study proposed in the paper are
considered ideal, particularly the three-phase inductor where
the unbalance of the magnetic circuit has been neglected for
the sake of simplicity. In this case, the value of the inductor
in phase A4, that is L,, is equal to (L,4—M) where L,
denotes the auto-induction coefficient in phase 4 and M the
mutual inductance that represents the effects of phases B
and C on 4. The inductor values in phases B and C are, in
this case, both equal to L,, which will be noted L in the
following. Note that, by taking into account the asymmetry
in the magnetic core, the model of the converter will be
highly complicated making consequently the design of a
suitable control system too difficult. The operation of the
converter in the non-ideal case could be studied as a next
step in a subsequent paper.

Considering the assumption made above, and by referring
to Fig. 1, we may write the following equation for phase A4

di
Ld—:+RiA:vA—vA,évAA, (1)

where i, is the current in phase 4, and v, is the voltage
across the corresponding inductor, which may be composed
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as follows

VAA/ == VAO + V00/ - vA/O/ (2)

O and O’ are, respectively, the fictive mid-point at the DC
input and output. Furthermore, referring to Fig. 3 that
represents the internal structure of the input stage inverter,
we have

Vo= (61 =50 3 3)

where v; denotes the input DC voltage and s, the switching
function of the upper switch O, defined as

0,
SA: 1

and 5, is its logical complement. Similarly, knowing that the
output stage converter has exactly the same structure as the
input one, we also have

if Q, is turned off

if O, is turned on @)

’ —r V.
Voo =84 =5+ 32 %)

where v, denotes the output DC voltage and s’; the switching
function of the rectifier upper switch connected to A4’

In the same manner, we can write for the other two phases
the following equations

di .
Ld—f + Rip = vgp = Vo + Voo — Vo 6)
and
LE + RlC = VCC/ = VCO + Voo/ — VC/O/ (7)
where
_ Vi
Vgo = (S5 — Sp) - 2 ®
v
Veo = (S¢ —S¢) - 51 ©
S,
Vg = (sp —5p) - 52 (10)
/ — V.
veo = (e =50) 5 (1)

sp and s¢ being the switching functions of the inverter upper

B

L 2

Fig. 3 Input stage inverter
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switches connected to nodes B and C, respectively, s and s¢
the switching functions of the rectifier upper switches
connected to nodes B” and C’, respectively.

Furthermore, the neutral at the AC mid-stage being
disconnected, it follows that the zero-sequence in the AC
currents (and consequently in the voltages across the
inductors) is always equal to zero, that is

P(0) + ig(0) +ic(t) =0, Vi (12)
and
Vaa () + v (1) +vee (1) = 0, Vi (13)
Combining (13) with (2), (6) and (7) yields
1
Voo = 73 [(V40 +VBo +Veo) — Wwo + Vo + Vool

(14)

In addition, regarding the DC output stage of the converter,
we have the following

dv, . C g
Czd_t2 = Syl + Spip + Scic — i (15)

i denoting the DC output current.
The state equations of the converter given in (1), (6), (7)
and (15) can be grouped and rewritten in a matrix form as

di . ,
L gfc + Riypc = I(Vapco — Vasco) (16)
and
dv , . .
G, d_t2 = Sipc  Lapc — iy (17)
where
1 2 -1 -1
r=;|-1 2 -1 (18)
-1 -1 2
_ v
Vagco = (Sapc — Sagc) - 31 (19)
/ — %
ViBco = (s;tBC =S 4gc) 52 (20)

iapc = [i, ip, ic]" is the current vector, vagco = [Vios Vaos
vcol' the voltage vector at the inverter AC side,
Vasco = Vo, Veo, Voot the voltage vector at
the rectifier AC side, Sqpc = [S4, S5, scl’ the switching
functions vector of the inverter upper switches and
sic =[5, 5, sc]” the switching functions vector of the
rectifier upper switches.

The system characterised by (16) and (17) represents the
basic state model of the converter in the stationary frame.
The system order can be reduced by applying Park’s
transformation, as discussed in the next sub-section.

2.2 Frame transformation

The model defined by (16) and (17) can be expressed in a new
rotating frame using Park’s transformation. The Park’s matrix
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is defined as [6]

sin(wt)  sin(wt — 27/3) sin(wt — 47/3)
K = —| cos(wt) cos(wt—2m/3) cos(wt—4m/3)
3 3 3/2 3/2

@n
where w is the angular frequency of the AC variables. By

d/eﬁning the new vectors iygc, Vigco, Vigco, Sapc and
s as follows

fipe 2 [ia iy o] = Kispe (22a)
Vigco 2 [Va vy Vo ]TZ Ky pco (22b)
Vigco £ [Vji V; v ]T= KVpco (22¢)
sipc £ [Sd Sq So ]T: Ks 4pc (22d)
siec 2 [Sa sy 5o ]TZ Ks/ipc (22¢)

equations (16), (17), (19) and (20) can be arranged as

dK ! di"
L<K T) ipc +L % + Riypc

(23)
=®&-T-K") igco — Vigco)
% o T T\—1 .r o 24
G, - (Sqpc)” - (KK") " - iype — Iy (24)
r r _ Vi
Vagco = Sapc — K - Supc) - > (25)
3 3 -/ V)
Vagco = Sapc — K - Supc) - 2 (26)
Using the following properties
_ 0o -1 0
dK I
f 0 0
1 00
K-I'K'=[010 (28)
0 0
32 0 0
KK '=1] 0 3/2 0 (29)
0 0 1/3
_ T »
K-Sgge=K-[1 1 1] —szc
=[0 0 3] =5 (30)
—/ T r
K- Spge=K-[1 1 1] —sizc
=[0 0 3] —sise G1)
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into (23) to (26) yields

LE = —Rld +Lwlq + Vd —_ Vii (32)

diq . . /
LE = —Ri, — Loi, +v, -V, (33)

dv, 3 . ..
) ditz = E(s;,ld +s541,) — I (34)
with

Va = SaVi 35)
Vg =SV (36)
vy = 5w, (37)
v, = 5\, (38)

As for the voltage zero sequences v, and v;, they are given as
Yo = SoV1 =51 (39)

/ ! 3
Vo = SoV2 — 5"2 (40)

2.3 State-space-averaged model

By adopting a same switching frequency for both six-switch
bridges, and by introducing the duty cycle vectors
dipc=[ds, dp, dc]" and dygc=[d,, dy, dc]' for the
upper switches in the input stage inverter and output stage
rectifier, respectively, we can easily deduce the state-space
average model of the converter by averaging all variables in
(32)—(38) over a switching period Ts. It yields

di
L% — —Riy + Loi, + dyv, — dj, (41)
di
L=t = —Ri, — Laig + dyv, — dyy, 42)
de 3 /. / . .
G T E(ddld +dgi,) — i (43)
where
r T
dABCé[dd dq do] = Kd 45¢ (44)
" / T /
digc 2 [d; d, dy] =Kd 45¢ 45)

The zero-sequence components d,, and dy of both sets of duty
cycles can be derived, respectively, from (39) and (40) as
follows

3 3 vyt t+ v
d =>4 Y 2 Yao T Vo co 46
0 2+v1 2+ \Z (46)
3 0V 3 Vo A+ Veg + Ve
d/:* 70:7 A0 B O Cc'o 47
0 2+v2 2+ 12 “7)

Equations (41) to (43) show that the converter in Fig. 1 can be
represented in the low-frequency domain by a third-order

IET Power Electron., 2011, Vol. 4, Iss. 4, pp. 424-434
doi: 10.1049/iet-pel.2010.0210

www.ietdl.org

non-linear dynamic system, having i4, i, and v, as the state
or output variables, d4, d, d,; and d; as the control inputs.

3 Control strategy
3.1 Inverter control design

The system outputs could be all adjusted by controlling
properly only the output stage rectifier. In this case, the
inverter control becomes quite simple, and would consist
only of an open loop gate signals generation using the
conventional sine-triangle pulse-width-modulation technique.
Hence, by denoting u,, up and uc the inverter reference
signals defined as

u,(f) = i - sin(wr)
ug(t) = it - sin(wt — 27/3) (48)
Uu(t) = it - sin(ot — 47/3)

which would be compared to a common high-frequency
triangular carrier with a peak value ¥, the expressions of
the duty cycles that correspond to the inverter upper
switches become in the stationary frame

1
dy( =5+ gsin(a)t)
1
dy(t) =5+ %sin((ut —2m/3) 49)
|
do(t) = = + = sin(wt — 41/3)
22
and in the rotating frame
p
d; =~
472
d; =0 (50)
3
d ==
072

where r = i1/V,; denotes the voltage regulation parameter.

Furthermore, in order to minimise the current constraints at
rated power consumption, the parameter r is set to its
maximum value 7, = 1.

3.2 Rectifier control design

A multiple-loop linear control system is designed for the
rectifier using the averaged model in the rotating frame
given in Section 2.3. The control scheme is presented in
Fig. 4. K represents the stationary/synchronous frame
transformation. The current references i; and i, are
generated as follows

~k

1

R Va0
VVao T Vo

ok
- l
l, = —F——V

q,0
> >
VVao T V0

where i denotes the peak value of the reference currents, v,
and v, are, respectively, the DC-components of v; and v,,.

%
lq

€3]
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Fig. 4 Rectifier control scheme

Note that these components represent also the fundamental
voltage at the inverter output.

In a control point of view, it should be mentioned that the
system’s outputs iy, i, and v, are not independent. They are
related in particular through the energy conservation law.
So, theoretically, only two of them can be controlled
directly by the duty cycles d; and d;. This fact was
considered in the design of the scheme. In fact, as
illustrated in Fig. 4, only i, and i, are controlled directly by
the control inputs (i.e. the duty cycles). The remaining
output v, is regulated by an external feedback loop, through
the adjustment of the AC currents peak value.

K; and K, are, respectively, the current and voltage loops
feedback-scaling gains. The proportional-integral-type inner
regulators H; 4(s), H,;,(s) and outer regulator H(s) are
designed independently by using the successive feedback
looping approach described in [9]. That means that all the
cross-coupling between the control inputs and the system
outputs was not considered. In fact, as seen from (41) to
(43), the converter model is a multi-input-multi-output one,
which means that each output depends on all input
variables at once. One simple and forward method for
designing the inner control loops, as suggested in [9], is to
consider only the transfer functions that relate iy to dy; in
one hand, and i, to d;, in the other. The effects of d;; and d,,
on i, and iy, respectively, are considered as disturbances in
the control design process. The control outputs u/y, u and
uc are then compared to the high-frequency triangular
carrier in order to generate the rectifier gate signals.

On the other hand, the outer loop is designed to be slower
enough than the inner ones in order to ensure high stability to
the control system.

4 Output voltage setting

In order to preserve a maximum tracking ability for the AC
currents and allow them to follow in the average their
corresponding references, a suitable choice of the DC
output voltage v, is required.

As described in Fig. 5, the time variation of the current i, in
phase A4 is mainly controlled by the state of switch O (which
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Fig.5 Waveform of current in phase A over a switching period
is the upper switch in the rectifier, connected to A"). Aiy yr

represents the ripple of current iy at the switching
frequency, and the angles « and B are defined as follows

tan(a) = dii:t) (52)
tan(B) = VATA (53)

It is clearly deduced from Fig. 5 that the current modulation
ability is maintained as long as the following conditions are
satisfied

Vo >0

if 0, is OFF (54)

and
if 0, isON

vy <0 (55)

Note that in the construction of Fig. 5 and the derivation of
expressions (53)—(55), it was assumed that the series
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resistance R of the inductors is negligible, which is the case in
practice.

Referring to Table 1 that gives the expressions of v, for
all possible switching configurations provided that Q4 is
turned-off, condition (54) implies that maximum tracking
ability is attained if

vy () > 2vi(t), Vt (56)
The same result is obtained if we had considered the on-state
of switch Q4 rather the off-state. In that case, s/, is always
equal to 1, and a term (—2v,/3) should be added in all
expressions of the last column in Table 1. This result is also
obtainable if the above analysis had been applied on current
ip or i instead of iy. Note that, in Table 1, all
configurations that correspond to a negative value of v, at
04 OFF would cause a control detuning problem and the
saturation of the control inputs.

The inductors value also affects the tracking ability of
the phase currents. It should comply with the following
constraint

min(|tan(B)|) > max(|tan(w)|) 57
Using (52) and (53), and referring to Table 1, it yields
min(v, — 2vy, vy) L (58)

3. max(|di*(p)/de]) ™=

www.ietdl.org

If the current reference i is a sine-wave (which is the case in
this application), expression (58) would become

_ min(v, — 2vy, v;)

ok
3i w

L

max

(59

where i° denotes the peak value of i and  its angular
frequency.

5 Simulation results
5.1 Case of an ideal DC source

The system in Fig. 1 and its control circuit are implemented
in Matlab/Simulink. The numerical values of the system
parameters are given in Appendix 1. A resistive load is
connected at the rectifier DC output, and an ideal DC
source is applied at the inverter input. The operating set
point is chosen as follows:

DC source voltage v; = 100 V;
desired DC load voltage v5 = 400 V;
rated load power P = 25 kW.

The capacitor C; is omitted. The simulations carried out in
this study are limited to the case where the power flow is
unidirectional. Further analysis and simulations related to
more general cases will be reported subsequent papers. The

Table 1 Expressions of the voltage across the inductor of phase A when Qg is off

SA S Sc S Sp st Vao Veo Vco Vao Ve o Vco Voo’ Vaa'

1 1 1 0 0 0 v4/2 v4/2 v4/2 —Vy/2 —Vy/2 —Vy/2 —V1/2 = vy/2 0

1 1 0 0 0 0 v4/2 Vq/2 —Vvq/2 —Vy/2 —Vy/2 —Vy/2 —V1/6 — Vy/2 v4/3

1 0 1 0 0 0 v4/2 —Vvq/2 v4/2 —Vy/2 —Vy/2 —Vy/2 —V1/6 — Vy/2 v4/3

1 0 0 0 0 0 v4/2 —Vvq/2 —vq/2 —Vy/2 —Vy/2 —Vy/2 V1/6 —vy/2 2v4/3

0 1 1 0 0 0 —Vvq/2 v4/2 vi/2 —Vy/2 — /2 —V/2 —Vv1/6 —Vvy/2 —2v,/3

0 1 0 0 0 0 —Vvq/2 v4/2 —Vvq/2 —Vy/2 —Vo/2 —V/2 V1/6 — vy/2 —Vvq/3

0 0 1 0 0 0 —Vvq/2 —Vv4/2 vi/2 —Vy/2 — /2 —Vy/2 V1/6 — vy/2 —Vv4/3

0 0 0 0 0 0 —Vv4/2 —Vvy/2 —Vv4/2 —Vy/2 —Vy/2 —Vy/2 V1/2 — vy/2 0

1 1 1 0 0 1 V4/2 V4/2 V4/2 —Vy/2 —Vy/2 Vo/2 —V4/2 — v,/6 v,/3

1 1 0 0 0 1 v4/2 Vq/2 —Vvq/2 —Vy/2 —Vy/2 Vo/2 —Vv1/6 — v,/6 V1/3+4 vo/3

1 0 1 0 0 1 V4/2 —vq/2 v4/2 —Vy/2 —Vy/2 Vo/2 —Vv1/6 — v,/6 v1/3 + vo/3

1 0 0 0 0 1 v4/2 —Vv1/2 —Vvq/2 —Vy/2 — /2 Vo/2 v1/6 — v,/6 2v4/3 4+ v,/3
0 1 1 0 0 1 —vy/2 v4/2 v4/2 —Vy/2 —Vy/2 Vo/2 —v1/6 — v,/6 —2v1/3+ v,/3
0 1 0 0 0 1 —Vv4/2 V4/2 —v4/2 —Vy/2 —Vy/2 Vo/2 V1/6 — v,/6 —v1/3+ v,/3
0 0 1 0 0 1 —Vy/2 —Vvy/2 V4/2 —Vy/2 —Vy/2 Vo/2 V1/6 — v,/6 —Vv1/3+ v,/3
0 0 0 0 0 1 —vy/2 —Vv4y/2 —vy/2 —Vy/2 —Vy/2 Vo/2 V1/2 —v,/6 Vo/3

1 1 1 0 1 0 v4/2 v4/2 V4/2 —Vy/2 Vo/2 —Vy/2 —Vv1/2 — v»/6 Vo/3

1 1 0 0 1 0 v4/2 V4/2 —Vvq/2 —Vy/2 Vo/2 —Vy/2 —Vv1/6 — v,/6 v1/3 + vo/3

1 0 1 0 1 0 v4/2 —Vvq/2 v4/2 —Vy/2 Vo/2 —Vy/2 —Vv1/6 — v,/6 v1/3 + vo/3

1 0 0 0 1 0 v4/2 —Vvy/2 —Vvq/2 —Vy/2 Vo/2 —Vy/2 V1/6 — v,/6 2v4/3 + v,/3
0 1 1 0 1 0 —V4/2 V4/2 v4/2 —Vy/2 Vo/2 —Vy/2 —Vv1/6 — v,/6 —2v4/3+ v,/3
0 1 0 0 1 0 —vy/2 v4/2 —vy/2 —Vy/2 Vo/2 —Vy/2 v1/6 — v,/6 —v4/3 + v»/3
0 0 1 0 1 0 —Vvq/2 —Vvq/2 vy/2 —Vy/2 Vo/2 —Vy/2 v4/6 — v,/6 —Vv1/3+ vo/3
0 0 0 0 1 0 —Vvq/2 —Vvy/2 —Vvq/2 —Vy/2 Vo/2 —Vy/2 vi/2 — v,/6 Vo/3

1 1 1 0 1 1 va/2 v4/2 vi/2 —Vy/2 Vo/2 Vo/2 —V1/2 4+ v,/6 2v,/3

1 1 0 0 1 1 v4/2 v4/2 —vy/2 —Vy/2 Vo/2 Vy/2 —Vv1/6 + v,/6 vi/3 4 2v,/3
1 0 1 0 1 1 v4/2 —Vvq/2 v4/2 —Vy/2 Vo/2 Vo/2 —Vv1/6 + v,/6 v1/3 + 2v,/3
1 0 0 0 1 1 v4/2 —Vvq/2 —vq/2 —Vy/2 Vo/2 Vo/2 V1/6 + Vo/6 2v1/3 4+ 2v,/3
0 1 1 0 1 1 —Vvq/2 v4/2 vi/2 —Vy/2 Vo/2 Vo/2 —V1/6 + Vv,/6 —2v41/3 +2v,/3
0 1 0 0 1 1 —Vvq/2 v4/2 —Vvq/2 —Vy/2 Vo/2 Vo/2 v41/6 + v»/6 —v1/3+2v,/3
0 0 1 0 1 1 —vy/2 —V4/2 vi/2 —Vy/2 Vo/2 Vo/2 v1/6 + v»/6 —v1/3 4+ 2v,/3
0 0 0 0 1 1 —Vvy/2 —Vvy/2 —v4/2 —Vy/2 Vo/2 Vo/2 v1/6 + v»/6 2v,/3
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mid-stage fundamental frequency is intentionally chosen
relatively high in order to reduce the value of the three-
phase inductors and the size of the magnetic core.

The simulation results are presented in Figs. 6 and 7. Fig. 6
illustrates the system response during start-up, whereas Fig. 7

DC load woltage during start-up
400 - ! . - .

350 b

300 E

250 E
200 b
150 b

Voltage (V)

100 1
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0
.50 B
00

0 001 002 003 004 005 006 007 008 009 01
Time (in seconds)
a

Fig. 6 Simulation results: waveforms of

a DC load voltage v,
b AC-stage currents iy, ig and ic during start-up

DC load voltage in steady-state

Veltage (V)
g

0 L L L . L L L L L
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c

Fig. 7 Simulation results: steady-state waveforms of

a DC load voltage v,

b AC-stage currents iy, ig and ic

¢ Current i, and voltage v,40 in phase 4

d Voltage v, across the inductor in phase 4
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Cuments (A)

Currents (A)

shows the steady-state waveforms of the mid-stage currents
and DC load voltage. The system operates with a regulated
voltage at the DC output stage. The currents are all in phase
with their corresponding AC-side source voltages, and their
total harmonic distortion is <1%.
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Fig. 8 -V and I-P curves of a NedStack PS6 PEMFC
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Fig.9 PEMFC stack model

DC load veltage and PEMFC stack output voltage (V)

5.2 Case of a PEMFC DC source

A 6 kW-45 V PEMFC stack from NedStack (NedStack PS6)
is then chosen as the DC source of energy. The corresponding
current—voltage and current—power curves are given in Fig. 8
[10]. Based on the work presented in [11], a PEMFC stack
can be modelled as illustrated in Fig. 9. The stack output
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Fig. 10 Steady-state waveforms at full load of
a DC load voltage and the PEMFC stack output voltage
b AC mid-stage currents

¢ Cell current

d Voltage across the inductor in phase A
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DC load voltage and PEMFC stack output voltage (V)
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Fig. 11 Impacts of a load step decrease (from 6 to 3 kW) on

a DC load voltage and the PEMFC stack output voltage
b AC mid-stage currents

DC load voltage and PEMFC stack output voltage (V)

250
Yo
SR vi'c
200 k
150 ﬁ’_
100 E
50+ E
0 ' 1 1 1 ' 1 L
0 1 2 3 4 5 6 7 8
Time (s)
a

Fig. 12 Impacts of a load step increase (from 3 to 6 kW) on

a DC load voltage and the PEMFC stack output voltage
b AC mid-stage currents
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Fig. 13 Impacts of a load step increase (from 6 to 12 kW) on

a DC load voltage and the PEMFC stack output voltage
b AC mid-stage currents
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Fig. 14 Impacts of a load step decrease (from 12 to 6 kW) on

a DC load voltage and the PEMFC stack output voltage
b AC mid-stage currents

voltage vy is expressed in terms of the cell current iy and the
stack parameters as follows

_ . i 1 :
Vfc =F— Rfclfc = EOC — NAln (E . m — Rfclfc (60)
E,.=NE, (61)

where Ry denotes the stack resistance, £, the open circuit
voltage, N the number of cells in series, E, the Nernst
voltage, 4 the Tafel slope, iy the exchange current and T,
the fuel cell response time.

The numerical values of the PEMFC parameters are given
in the Appendix 2. The operating set point is chosen as
follows:

Desired DC load voltage v," = 150 V;
rated load power P = 6 kW.

The simulation results showing the system performance in
the steady-state at full load are presented in Fig. 10. The
system operates with a regulated voltage at the DC output
stage and a nearly unity power factor at the AC mid-stage.
The total harmonic distortion of the mid-stage currents is
<1%. Figs. 11 and 12 show the system’s response to load
step changes in the under-load range, whereas Figs. 13 and
14 present the system’s response to load step changes in
the over-load region. In all cases, the load steps are
applied at = 1s, and the obtained system response time
is ~4s.

6 Conclusion

In this paper, a two-stage DC—DC converter for high
current applications has been analysed. A state-space
model of the converter has been developed using the
switching functions approach, and a multiple-loop control
scheme was designed for the output stage rectifier in order
to ensure a high power factor at the AC stage, and a
regulated voltage at the DC load. The performance of the
proposed control system was verified through numerical
simulations, where an ideal DC source and a PEMFC DC
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Intermediate AC currents (A)
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source have been considered consecutively. It was shown
that, in both cases, the converter exhibits high operation
quality in term of mid-stage current distortion and power
factor.
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9 Appendix 1: DC-DC converter and control
system parameters

Fundamental frequency f'= w/27 = 200 Hz;
Switching frequency f5 = 20 kHz;

AC-side inductors L = 100 pH, each;
DC-side capacitor C, = 1 mF;

Feedback scaling gains K; = K, = 1;
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Inner regulators H; 4(s) = H; ,(s) = — (s + 45)/s;
Outer regulator H,(s) = 3(s + 1)/s.

10 Appendix 2: PEMFC parameters

Open circuit voltage E,. = 65 V;
Number of cells in series N = 65;
Nernst voltage E, = 1V;

Tafel slope 4 = 30.7 mV;,
Exchange current iy = 0.94 A;
Fuel cell response time 7; = 10 s;
Stack resistance R, = 75.8 m().
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