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Continuous and Discrete Variable-Structure Controls
for Parallel Three-Phase Boost Rectifier

Sudip K. Mazumder, Senior Member, IEEE

Abstract—We describe three nonlinear control schemes for a
parallel three-phase boost rectifier consisting of two modules. The
basic idea, however, can be extended to a system with N modules.
All of the control schemes are developed in a synchronous frame.
Moreover, each of the closed-loop power-converter modules
operates asynchronously without any communication with the
other module. Based on the dynamical equations of the parallel
converter, we find that independent control of both of the modules
on the dqo axes is not necessary and possible. Consequently, we
develop control schemes that stabilize the dg axes and limit the
zero-axis disturbance by preventing the flow of the pure zero-se-
quence current. One of the control schemes is developed purely
in the discrete domain. It combines the space-vector modulation
scheme with a variable-structure control, thereby keeping the
switching frequency constant and achieving satisfactory dynamic
performance. The performances of the other control schemes are
also satisfactory.

Index Terms—Boost rectifier, parallel converter, space-vector
modulation, three phase, variable-structure control, zero-axis
disturbance.

1. INTRODUCTION

PPLICATIONS of three-phase power converters are on
the rise [2]-[5], [7], [8], [10], [11], [13], [15]-[17] be-
cause they provide several advantages including capability to
handle high power, modularity, high reliability, less voltage or
current ripple, and fast dynamic response. Traditionally, a par-
allel multiphase converter either has a transformer at the ac side
[71, [8], [10] or uses separate power supplies [5]. This approach,
however, results in a bulky and expensive system because of the
line-frequency transformer and the additional power supplies.
A recent approach to overcome these problems is to directly
connect three-phase converters in parallel; one such system is
shown in Fig. 1. When two three-phase pulsewidth-modulation
(PWM) modules are directly connected, circulating currents
can exist in all of the phases [13]. Several methods have been
proposed to reduce the cross current among the modules [2]-[4],
[12]. Using a linear controller and space-vector modulation
(SVM) schemes, which do not use the zero vectors, Xing
et al. [13] have developed schemes for standardized three-
phase modules to reduce the cross current. The advantage of
such schemes is that the communication between the modules
is minimal. However, the transient response of the parallel
three-phase boost rectifier (PTBR) is not satisfactory and the
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magnitude of the zero-sequence current under steady-state
conditions is not shown. Recently, Ye ef al. [15] have proposed a
linear control scheme!, which is simple and minimizes the zero-
sequence current under steady-state condition by simply varying
the duration of the zero space vector. However, if the system
saturates, the control scheme will not work effectively, even
under steady-state conditions. This is because, when the system
saturates, the zero vector can not be applied. Furthermore, the
performance of the system under transient conditions has not
been demonstrated [15].

II. MODELING AND ANALYSIS OF THE PTBR

We consider a PTBR with two power modules, M1 and M2.
Such a PTBR was built by the author at the Center for Power
Electronics System (CPES) at Virginia Polytechnic Institute and
State University, Blacksburg. Reference [13] and all of the dis-
cussion in this paper is based on this system. The parametric
details of the power stage are tabulated in Table 1. For each
module, we assume that the variation in the line inductance of
each phase is negligible. However, the line inductances for two
different modules are different. We also assume that the equiva-
lent series resistance (ESR) of the output capacitor is negligible
and the input voltages are balanced; that is, v, + v + v. = 0.
Based on Fig. 1, we obtain the following differential equations,
which describe the dynamics of the PTBR:

2 3

. 1. 1 .

ve(t) = _alload(t) *ta30 Z"Lw (t)unj(t)
=1 \j=1

-abc

{Lk (1) = (Pr1 + Pk2)?iic(t) + PesVobe(t)
+ Prail?® (t)ve (t) + Pes@a (t)ve(t). )

In (1) and for the rest of the paper, £ = 1 and 2; further, we will
drop the notation time (¢) for the rest of the paper. The vectors
representing the phase currents and switching functions of M1
and M2 are given by

008 = (in, (1) ine() ing ()"

B() = (ua () wnalt)  una(t))”
Vabc — (’Ua vy ’UC)T

and the matrices Pp;(¢ = 1,2,...5) are given in the

Appendix. For the PTBR, the top and bottom switches

of any phase are complementary in nature. The

switching functions wgj(¢ = 1,2,3) attain a value of

In this paper, we will refer to this control proposed by Ye [15] as
CSLINEAR-
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Fig. 1. Schematic of a PTBR with N modules.

TABLE 1 Us(—

NOMINAL PARAMETERS OF THE PTBR

Parameter Nominal Values
Vab = Vie = Vea = Vi 208 V (rms) the active vectors.
ve (regulated) 400 V Next, using the generic transformation [12]
Nominal switching frequency (= 1/T) 32 kHz
Li=L,=1, 500 pH Xabe _ [T(H)]—lj('dqo _
L, =TL, 7L, 050
Bus capacitance (C) 1200 pF
Load resistance (R) 40
Power ratings of M1 and M2 20 kVA [17], and @
frequency), we rewrite (1) as
. ) 1
Vo = ——=1
B C C load( ) 20 (
Us=(-1,1-1)T Uy=(1,1-1)T zfqo
ey 2 =M i, =T(0)(Pia + Pio) (T(8))
+ T(H)Pkg,
T(0)Prs(T'(6)

U4:(_1""”T "I * UI:([,*I,:I)T

to
Ug=(1-1,)T vo
. I . . ~Aqo
Fig. 2. Distribution of the space vectors in the o3 frame. )

—1 (or 1) if the bottom (or top) switch of any phase is
on. For the PTBR, and as shown in Fig. 2, ﬁ‘be
and 4% can attain only eight discrete values (space

vectors)—Uy(—1,—1,—1)T, Uy (1,-1,-1)T, Us(1,1,-1)T,
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and Uz(1,1,1)—for feasible operation.
Uy and U; are the zero vectors, while the other six are

[T

where x4, x4, and x,, are referred to as the active, reactive, and

"dqo

d

T(8) 25 (T(6))”

(iLkd iqu iLko)T7vdqo = (vd Vq UO)
and v, = v, = 0 (because we have assumed
that the line voltages are balanced). Using [17], we simplify (3)

0

_rrpitrre
Li+Lo

zo)F

)
(T(6)) ™V + T(6) Pra(T(8)) " 1"
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UL Ukd T Zquukq +ir,, uka)
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the zero-axis components and [7(#)] ! is a nonsingular matrix
= 0(to) + fot wdr (where w is the line angular

i LpaUkd + Ly, Ukq + 0L, Uko)
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Fig.3. Overall control architectures for the PTBR with modules M1 and M2. (a) dg¢- or dgo-axes controllers representing a conventional controller [12], [13] and
CSrinear [15]. (b) Controller structure for CScont1 or CScontz2 or CSpiscrere- For CSpiscrere, the feedback signals are sampled. Note that because
M1 and M2 are both connected to the same bus, they have a common bus voltage; additionally, all the feedback signals are, “in reality,” the outputs of voltage and

current sensors.

where 6, is a disturbance term representing

vC Ll T
s=2 (o 0 ——1 4,
! 2L1< L1+L2u2>

and

ve Ly r
Sp=2C (0 0 ——2 4,
2 2L2< L1+L2u1>

for M1 and M2, respectively. Equation (4) shows that, for each
module, the dynamical equations governing the currents on the
dq axes depend only on w14 (or u2q) and u14 (Or ua4). The dif-
ferential equations describing the zero-axis currents involve a
cross-coupling control term.

III. CONTROL SCHEMES

As shown in Fig. 3, the controllers for M1 and M2 have a
multiloop structure, with an outer voltage loop and an inner
current loop. The control concept developed in this paper extends
to more than two modules (N > 2). The current loops are
designed to be fast so that the closed-loop system can reject the
feedforward and feedback disturbances and regulate the output
voltage. The outer voltage loop is designed to be slow and is
based on a linear lag—lead controller with an integrator [12]. The
objectives of the control are threefold. First, we want to regulate
the bus voltage at 400 V. Second, the phase currents of each
module should be synchronous with the input phase voltages.
Third, M1 and M2 should share the power consumed by the load
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Fig. 4. Path of the pure zero-sequence current in the PTBR.

equally. However, these objectives have to be met by controlling
M1 and M2 as independently as possible. The only common
feedback to both the modules is the d-axis reference current
(i1,,,) obtained from the outer voltage loop, which serves as
the master. We use a common voltage loop because both M1
and M2 are connected over a common dc bus. The g-axis (L*qu)
and the o-axis (i7, ) reference currents are maintained equal
to zero to obtain unity-power-factor operation and minimize
the zero-axis interaction between the two modules.

Based on these control objectives and structure, we develop
three control schemes in the following sections. While the

first two control schemes (CSconti and CSconTe) are syn-
thesized in the continuous domain, the third control scheme
(CSpiscreTr) is developed in the discrete domain. The nom-
inal switching frequency of M1 and M2 is set at 32 kHz, to
emulate the actual system [13]. We, however, test the control
when the modules are not synchronized and their switching
frequencies are different.

A. Continuous Control Scheme One: (CSconT1)

Equation (4) shows that the open-loop PTBR is a seventh-
order dynamical system. There are two sets of three differential
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Fig. 5. Flowchart for the implementation of the control scheme CScona.
equations that describe the dynamics of the current for M1 and
M2 on the dgo axes and one additional differential equation for
describing the dynamics of the bus voltage. One approach for
implementing the current loops of M1 and M2 independently is
to define the following six sliding surfaces:

- .
O-kd:szd _ZLlcd :0,

Oko = i*Lko - Z'L,w =0 (5)

— g% ol —
Okq = i1,, =L, =0,

and synthesize controls that will reduce ||okq + okg + Oro| to

zero. However, the rank of the control matrix (i$9° #29°)7 in
dgo -dqo

(ig, g, )T isfive; thus, it is impossible to control all of the

six currents (174° and 774’) independently. One way to avoid the
redundancy problem is to control the sliding manifold

(UleO) n (O’lq:()) n (010:0) n (UQdZO) n (O’zq:())“'.
(6)

To consider the stability of the sliding manifold (6), we define a
positive-definite Lyapunov function

1
2 2 2 2 2
V(014,01q, 010,024, 02) = = (074 + O1q + 01, + 034 + Uzq)

2
N
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Fig. 6. A sample space-vector-modulated waveform to synthesize the reference voltage vector in Sector 1.

which has a quadratic form. For the manifold to be stable

V(01d,01q, 010, 024, 024)

= 01401d + 01¢01¢ + 010010 + 024024 + 024024 < 0. (8)
Using [9], [17], we can show that 034614 < 0 and 04,4034 < 0
provided

Ukd = —fykdsgn(akd) where |'ka|
. TLk . . 1 Ve 2Ly
> 1* —1 — w1 — —U —U —
Ly T Ly Lia Liq T d+ 2x kd ve
Ukqg = —TVkqS8N(0kg) Where |yyq]
Lk TLk . . 1 ve 2L,
> i, + ——iL,, —WiL,, — —Vg + ——Ukq| —
Ly Ly Ly, Lia L q oL kq Ve
)]

However, it is not possible to satisfy 01,01, < 0 using a
single space vector in a single switching cycle because of the
zero-axis disturbance [16]. This eliminates the possibility of
satisfying (8) for all values of o, but depending on the values
of ora,0rq, and 01,, we can always establish a bound beyond
which (8) holds [16]. This bound is minimized if the zero-axis
disturbance is reduced. A quick look at iz,  shows that the
zero-axis disturbance is reduced by increasing the size of the
line inductors or the switching frequency because us9, depends
on the switching vectors. However, we cannot increase either
of them arbitrarily to avoid making the converter bulky and
inefficient.

For the PTBR, as shown in Fig. 4, the worst disturbance oc-
curs when %% = U; and 4$*¢ = Uy and vice-versa. During
this switching configuration a pure zero-axis current flows from
M1 to M2 or vice-versa that is not reflected on the dq axes. This
is because the path of this zero-sequence current involves the
output capacitor, the top (or bottom) switches of M1 and M2.
Therefore, if we eliminate this possible switching configuration,
then we can reduce the impact of the disturbance significantly.
Although the zero-axis disturbance exists for other switching

configurations, it is reflected on the dq axes, and hence the im-
pact of this disturbance can be minimized by having a fast cur-
rent loop on the dq axes [13], [15], [17].

Thus, the control strategy for CSconmi is as follows: we con-
trol o1q and oy, using (9) and limit the zero-axis disturbance
(by selecting proper uy, depending on the value of 71, [16]),
thereby preventing the flow of the zero-axis current from M1 to
M2 or vice-versa. Then, using the transformation (2), we trans-
form the controls in the dgo axes to the abc axes.

B. Continuous Control Scheme Two: (CSconT2)

The second scheme is a variation of the first scheme. A sim-
ilar scheme is outlined in [14] for control of a single multiphase
converter. However, it does not address the problem of zero-axis
disturbance, which is a key issue in the stabilization of a PTBR.
The second scheme uses hysteresis to control the switching fre-
quency. First, we compute o4 and o4 using (5) and then trans-
form the errors to the a3 coordinates using

(=) = (nlet ) (720)

where 6 = 6(t9) + jot wdr. The selection of the switching vec-
tors is such that

(10)

OkaOka < 0, O’kﬁékﬂ <0, and ||0'10|| is bound (11
for a given frequency and inductor size. The last condition in
(11) is achieved by using an appropriate zero vector based on
the direction of 7z, . For example, if 77, < O and the space
vector needed to satisfy 01,01, < 0 and 015013 < 01is Uy,
then we implement Uy instead. This simple change will not af-
fect the stability of the sliding surfaces on the a5 axes, but will
reduce the zero-axis disturbance [16]. In addition, to achieve a
compromise between the transient response and the harmonic
distortion, we use a two-level hysteretic comparator (for each

axis), which has two thresholds (h; and h,).
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Fig. 5 shows a flowchart that illustrates the procedure for
selecting the appropriate switching vector for either M1 or M2.
The advantage of CScontz is that we can limit the switching
frequency and keep a balance between the distortion of the
line currents and the transient response. Although the pure
zero-sequence current is eliminated, the impact of the overall
zero-sequence disturbance is still determined by the switching
frequency and the inductor size.

C. Discrete Control Scheme (CSpiscrRETE)

We look for stability on a reduced-order manifold, where in-
stead of controlling w1,-ug, (Or u2,-u1,), We control their aver-
ages; that is, 1,-Usg, (Or Ug,-U1,). The proposed discrete vari-
able-structure control (VSC) scheme (CSpiscreTE), unlike the
CScont1 and CSconte, keeps the switching frequency con-
stant by combining VSC with SVM techniques. The discrete
VSC scheme can be combined with any SVM scheme. However,
not all of the SVM techniques can be used to reject the distur-
bance due to the zero-axis currents [15]. Therefore, we choose
the SVM scheme outlined in [13], [17] to control the zero-axis
current. In any given switching cycle, this SVM scheme syn-
thesizes a reference voltage vector (%) (see Fig. 2) using two
zero vectors and two active vectors. For example, if . is in
Sector I, then it is synthesized as @, = (ve)/(271)(t1 Uy + t2Uq
+t3Us + t4U7 + t5Us + tgUp + t7U0), where T = t1 + 19 +
ts + t4 + t5 + tg + t7 is the switching time period. Having se-
lected the SVM scheme, we need to express ir,, and ir, , in dis-
crete form to implement the current loop using the discrete VSC.

The discrete form of Z‘zq is a map of the form ;ﬁ (n+1) =

Fi(i7 (n), vdq( ), 1 _Zq(n)),where it = lig,, iz,,)T, V4 =
[’U,l ’Uq] , and tkq = [tkd tkq]T.

To obtain this map, we first solve for ;%qk using (4) in each
time interval of the SVM waveform [17]. One such waveform
is shown in Fig. 6, which is valid only for Sector I. We start
by solving for ip,, and i1,  in Sector I for each interval of
time. Once we obtain all of the solutions, we obtain a map that
relates 47, , and i, at the end of a switching cycle with those
at the beginning. Subsequently, using this map, which is valid
only for Sector I, we obtain the generalized map for Z%‘i (n+1).

for each of these three distinct intervals are described by (12),
shown at the bottom of the page, (14), and (15), [17].

If a quasi-static assumption (i.e., the variation of # in each
switching cycle is negligible) is made, then (13), shown at the
bottom of the page, is reduced to the following [17]:

eAktu»f‘é‘Ik (m) + ( Aptig
+ ((e**"* — 1) A Cracos(6(n))
+ (eA"t“' — I) A legsm ))) ve(n
= (Pkgf‘é’i (m) =+ FkQqu + ka?)c(’IL). (14)
(in the intervals b—c and f-g).

i (m+1) = — 1) A7t B V%

The form of the map for the third distinct interval (c—d and
e—f) is identical to that of (14)
eA"t“f‘i‘i (m) + (eA“t”' — I) A;lBkaq
+ ((e* ™2+ — T) A Dyicos(6(n))
+ (e — T) Ay Dyosin(6(n))) ve(n)
= Dy3iy! (m) + TV + Quave(n). (15
(in the intervals c—d and e—f).

LLk(m"i' 1) =

In (12)—(15), m represents the mth subsampling period in the
nth sampling period, ;i‘i (m) is the initial value of Z‘zqk at the
beginning of the subinterval, and %o, t11, and ¢of, are the dura-
tions of the subintervals outlined in (12)—(15) and as illustrated
in Fig. 6. All other matrices are described in [17]. Using (12),
(14), and (15) and kHOWng that tsx = 2tor, tsk = t1ik, tar =
tor,t7k = tok; ey, = Qi = Dy = 050, = Qg Qg =
Qy, , we obtain the map [17]

7} (n+1) = 4ip] (n) + DV + Qpatia (n)oc(n)

+ Qptrz(n)ve(n)  (16)
where @, = T Ty = (eMT — DA By, Qe =
2Ck1cos(6(n)) + QCkgsm(H(n)), and Qg = 2Dgicos(6(n)) +
2Dy0sin(f(n)). Using

1
tha = i(cos(ﬂ) + V/3sin(6))2tas, + cos(0)2t1;

Fig. 6 shows that, although there are seven intervals of time in a 1 ' )
given switching cycle, only three of them are distinct. The maps thg = ) (\/gcos(e) —sin(0))2tor —sin(0)2t1e  (17)
chl(i (m+1) = eA’“tO’“;%(i' (m) + (eA’“tOk — l) A;lBkvdq
= Op1igt (m) + TV + Qe (n) (12)

AL»tlk ;ifi (m) + (eAkt]k

ZLL(m +1)=

e tw(tp(m)+tig) Mk (e(Ak—I—iwI)tlk

2

e

+ovc(n ity (m .
C( ) eiw(ty( »)thlk)Mk (e(Ak—'l“-’I)tlk _
+ 27

21

—iw(tp(m)+tyg)

(in the intervals a-b, g-h, and half of d—e)

— 1) Ay ' BV
etw(tp(m)+tyy) Mk (G(Akiiwl)tlk

1) (A —iwD) T M Cha
—I) (A, + iwl) "I M; ' Cha
I) (Ak - iwI)_le’lC'kz

(13)
M, (etrtiwDtu — 1) (A, + iwI)le_lez)

(in the intervals b—c and f-g)
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(a) The phase currents of M1 and M2 using a conventional dg controller when the parameters of the modules are the same, except L, is 95% of L.
(b) Three-dimensional view of the unbalanced phase currents of M1 in the oo frame. (c) The phase currents of M1 and M2 obtained using CSy,ingar When the
parameters of the modules are the same, except L is 95% of L.
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we convert (16) to the following form:

B (n+ 1) = B (752 (n), V() 51(n))

= @iyt (n) + Tu V™ + Qi (n)  (18)
where (2, is a diagonal matrix and we have assumed that the
variation of v (due to a slower voltage loop) is negligible com-
pared to i é’i in one switching cycle. Using the procedure de-
scribed above, we obtain maps similar to (18) for Sectors II-VI.

Now that we have obtained the discrete form of Z‘zqk , we define
the following sliding surfaces to control the currents on the dg
axes:

Fy(n) =" (n) = 3(n)
where #{9(n) = (0xa(n) ore(n)) (19)

The stability of the sliding surfaces &’Zq(n) is determined using
the discrete Lyapunov function

(ﬁzq(n))T #ln).  (20)

DN | =

V(ora(n), orq(n)) =
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For stability [16],

Vi1 (oka(n + 1), 0kg(n + 1)) = Vi(ora(n), o1g(n)) <0
= oka(n)(oka(n +1) = oxa(n))

+ opg(n)(org(n + 1) — org(n)) < 0. 2n

Because €2, in (18), is a diagonal matrix [17], the sliding sur-
faces oq(n) and o4 (n) have independent control, the stability
condition (21) is simplified to

()" (&1 +1) - 51(m)) <.

Condition (22) is satisfied if we chose

(22)

73 (n + 1) =33 (n) = (= Arasgn(ora(n)) — Argsgn(ong (n)))"
(23)

and determine t_qu(n) based on (23). In (23), Axa and Mg
are scalar parameters that determine how fast the closed-loop
system reaches the quasi-sliding surface. Substituting (19) into
(23), and expanding (18), we obtain

Fl(n+1) -3} (n)



MAZUMDER: CONTINUOUS AND DISCRETE VARIABLE-STRUCTURE CONTROLS FOR PTBR 349

180
160
140
120
100

80

60

iL1(I (A)

0.25
time (s)
180
_ 180
L 140
920
== 100
B0
BO

0.25

time (s)
180
160
140
120
100
80
B0

iLIlI (A)

180 }----

iLId (A)

100 }----

a0

R R L T SRR

O
m

0.2
(d)

0.25
time (s)

0.25
time (s)

0.25
(f) time (s)

(A)

Fig.9. Change in the active current of M1 obtained using CSconti (a), (), CSconrz (b), (), CSpiscrere (¢), (2), and CSpinear (d), (h) for case I (figures

on the left) and case 2 (figures on the right).

= (" +D -+ 1) -5l m)
= (5" (1) = Tl () + TV + T ()
— 53(n)
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and then determine fﬁfq(n) We then use (17) to obtain ¢z, tog,
and tor = (1/2)(1'/2 — t1x — tox) from 74(n).

While deriving the duration of the zero vectors, we did not
distinguish between the vectors U and Uy. However, to con-
trol the zero-axis current, such a distinction is necessary. Let us
rewrite the total duration of the zero vectors in a given switching
cycle as

dtor, = (1 — Br)4tor + Br(4tor)-

It has been shown in [15] that for the PTBR, if 85 = 0.5, then
by assigning (1 — (1)4tg1 to Uy and (31 (4to1) to Uz, one can
minimize the effect of the zero-axis current. The parameter (31 is

(25)

the output of a feedback loop of M1 that regulates the zero-axis
current to zero [15]. If, however, assigning f2 = 0.5 is not
possible (for reasons of flexibility), then one can obtain the zero
vectors as a combination of the active vectors.

IV. RESULTS

We present simulation? results obtained by closing the
PTBR using five different controllers. The first one is a con-
ventional linear dgq controller [12], [13], while the second
one is CSrinear [15]. The other three control schemes are
CSCONTI; CSconT2, and CSpiscreTre. The values of the
nominal parameters for the PTBR are listed in Table I. The
outer voltage loop, which regulates the bus voltage at 400 V, has

2The simulation was conducted in Visual Fortran. Although ideal comple-
mentary switches are used to simulate the performance of the PTBR (to reduce
computational time), a benchmark test using data used to obtain performance
results in [13], which uses the same PTBR parameters as in Table I, yielded
simulation results which closely follow the steady-state experimental results
demonstrated in [13].
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been chosen to have a slower dynamic response as compared to
that of the inner current loops to ensure stability of the overall
system [16]. The choice of the parameters for the voltage loop
is based on the results of [12]. The load is chosen to be resistive
in nature and has a magnitude of R. However, the proposed
control schemes CSconT1, CSconT2, and CSpiscreTE can
be applied to systems that involve other types of loads because
they are independent of the load type.

In practice, it is impossible to manufacture two identical mod-
ules. In fact, it is not uncommon to have variations in the circuit
parameters of the order of 5%. To simulate one such scenario,
we reduce L1 by 5% from its nominal value, but keep the values
of all of the other parameters of M1 (as well as M2) equal to
their nominal values. In Fig. 7(a), we show that, even though
there is only a minor difference in one of the parameters of M1
and M2, the phase currents in each module are no more balanced
when the PTBR is controlled using a conventional dg controller.
In Fig. 7(b), we show projections of the averaged values of the
unbalanced phase currents (of M1) in the dgo frame onto the
afo axes. It shows that, while the d and ¢ components on the
af plane still rotate in a circle, the zero-axis component 0s-

cillates up and down. Consequently, the load sharing between
M1 and M2 is poor. Thus, the performance of a conventional dg
control scheme is not satisfactory even under small parametric
variations.

In Fig. 7(c), we demonstrate the steady-state performance of
the PTBR operating with CSyingagr [15]. The values of the pa-
rameters are the same as those used to obtain Figs. 7(a) and (b).
We see that, by controlling the zero-sequence current in addition
to the dq currents, the steady-state performance becomes satis-
factory. Although the zero-sequence current is not eliminated,
its overall effect is minimized.

Next, we explore the dynamic performance of the PTBR
using our three proposed control schemes (CSconTi,
CScont2, and CSprscrere) and CSpingar under fur-
ther variations in the parameters of the two modules. The
switching frequencies of M1 and M2 are set at 16 and 32 kHz,
respectively, to replicate the conditions in [15]. In real life, the
two modules will be physically apart and, hence, synchroniza-
tion of the clocks is expensive and not reliable [13]. Hence, to
increase the redundancy of operation, we switch M1 and M2
asynchronously. To test the robustness of CSpingar under
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parametric variation, we reduce L; by 5% from its nominal in its nominal value. The larger variation in L;, which makes
value. We test the robustness of CSconti, CSconT2, and  paralleling M1 and M2 even more difficult [15], [17], is chosen
CSprscrerE by reducing L; 15%, an even larger variation to test the robustness of the nonlinear controller under extreme
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conditions. For all of the control schemes, the values of all of
the other parameters are kept equal to their nominal values.

Having set the operating parameters, we determine the
response of the PTBR (using CSconti, CSconT2, and
CSDISCRETE7 and CSLINEAR) under small- and large—signal
feedforward and feedback disturbances: two cases are consid-
ered. For all cases, we investigate the performance of the PTBR
by determining the drop in its bus voltage, the change in its
reactive and active currents, and the current sharing between
the modules.

For case 1, we subject the PTBR, operating in steady state, to
a sudden change in the input voltage. Initially, the input voltage
is set equal to its nominal value, and after the transient, it is as-
sumed to decrease to 50% of its nominal value. We begin by in-
vestigating the drop in the bus voltage. The results are shown in
Fig. 8(a)—(d). We find that the dip in the bus voltage is maximum
when the PTBR is operated using CSyngaR; in addition, re-
covery time for the bus voltage is longer?. For case 2, we subject
the PTBR, operating in steady state, to a sudden change in the
load resistance from 400 ) (almost no load) to 4 2 (full load).
Fig. 8(e)—(h) shows that the changes in the bus voltage obtained
using CScont1; CScontz, and CSprscreTE are smaller than
those obtained with CSyngpar. Moreover, the recovery time
obtained using CSpiNgar is longest. Overall, for either case,
the drop in the bus voltage is larger when using CSpiNgAR, €Ven
though it is implemented for a smaller variation (5%) L, as com-
pared to the proposed control schemes (15%).

Next, we investigate the performance of the d-axis (active)
current for all cases under feedforward and feedback distur-
bances. Fig. 9(a)—(d) shows the response of the active current
of M1 (i.e., ir,14) for case 1. Later on, we will show the cur-
rents of both modules. We see from the figures that, using the
proposed control schemes, the PTBR does not have any under-
shoot after the feedforward disturbance. However, the PTBR
shows a significant drop in the 71,14 when using CSpiNgaR- Be-
cause of this undershoot, the drops in the bus voltage obtained
using CSLINEAR, @s shown in Fig. 8, are higher. The responses
of i114 for case 2, shown in Fig. 9(e)-(h), are self-explanatory
and similar to those obtained for case 1. On the whole, although
CSCONT17 CSconT2, and CSpIscRETE operate with a larger
variation in Ly, their performances are good. For case I, using
CSLINEAR, there is more than a 30% undershoot in 7,14 imme-
diately after the disturbances. For case 2, the recovery of ip14
using CSpNEAR 1S not satisfactory.

We then investigate the response of the q-axis (reactive)
current of the PTBR for all cases. The results are shown in
Fig. 10 for M1. We see that, under steady-state conditions, the
average of i1, obtained using all control schemes is about
zero. However, for either a large disturbance in the load or the
input voltage, CSyingaR iS unable to maintain the average of
1114 at zero immediately after the disturbance. Therefore, it
follows from Figs. 8-10 that, unlike CSy,ingAR, the proposed
control schemes maintain decoupling between d and ¢ axes

3We also note that the “ripple” in the bus voltage obtained using
CSC)ON'I‘]-, CS(}ON'[‘Q, and CSI)ISCRI”/I‘E is marginally hlgher than that
obtained with CSpingpar because they operate with L; = 0.85L, and
L, = L, compared to L, = 0.95L,, and L, = L,, for CSpingar. Thus,
even with a larger parametric variation, the performances of the proposed
control schemes are better than CStingEAR-
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Fig. 12. Steady-state currents on the zero axis and the o3 axes for M 1 obtained
using CSconti (a), CSconts (€), CSpiscrere (6), (), and CSrinear (2),
(h).

even under severe feedforward or feedback disturbances and
hence are more robust. Thus, the performances of the proposed
control schemes are good, even though they operate with a
larger variation in L;.

Next, using Fig. 11, we investigate the sharing of the line cur-
rents between M1 and M2, when the PTBR is subjected to a large
disturbance in either the voltage (case 1) or the load (case 2).
For case 1, we see that the best transient response is achieved
using CSconTi; the response time is comparable to the other
two proposed schemes. The recovery time of the PTBR obtained
with CSpinEAR is the longest. Moreover, immediately after the
change in the voltage, there is an undershoot and an overshoot in
two of the phase currents, which are not evident in the responses
obtained with the proposed control schemes. For case 2, among
the three proposed control schemes, CSpiscreTE achieves the
best compromise between the response time and current sharing.
The recovery times of CSconT1 and CSconTe are smaller than
that of CSpiscreTe. The response of the PTBR obtained with
CSpLINEAR is significantly inferior to those obtained with the
proposed control schemes, both in terms of the response time
and current sharing.

Finally, in Fig. 12, we show the impact of the proposed
control schemes on the steady-state ripples of the phase
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currents (in the af3 frame) and on the zero-axis current that
circulates between the two modules. For all of these plots,
we choose L; = 0.85L, and Ly = L,. All other param-
eters are kept the same as before. The steady-state ripple
obtained with CSpiscreTE is better than those obtained using
CSconT1 and CSconte2. More importantly, the zero-axis
current obtained with CSpiscrerr has a smaller magnitude
compared to the previous cases. The steady-state results ob-
tained using CSprscrerr and CSpingar are close. Therefore,
CSpiscreTE attains the best compromise between the dynamic
and steady-state performances.

V. SUMMARY AND CONCLUSION

‘We have proposed three control schemes to stabilize a PTBR.
The first two control schemes (CSconT1 and CSconTe2) are
developed in the continuous domain, whereas the third scheme
(CSpiscreTr) is developed in the discrete domain. The
simulation results, with properly tuned controller gains did
not exhibit susceptibility to subharmonic instabilities. Con-
trol schemes CSconT1 and CSconT2 stabilize the errors on
the dg-axes sliding surfaces and rely on blocking the pure
zero-sequence current path, the inductor size, and the switching
frequency to bind the errors on the zero-axis sliding surfaces.
Results show that the transient performances of the PTBR
using these two schemes are good. The steady-state ripple
of the PTBR obtained using CSconTe is slightly better than
that obtained using CSconTi, because the former uses a
hysteretic comparator, which has an inner and an outer hys-
teretic band. The steady-state ripple of the PTBR obtained with
CSpiscriTE i better than those obtained with the other two
proposed control schemes because the former combines SVM
and nonlinear control, and stabilizes the zero-axis disturbance
as well. Hence, the steady-state ripple has a constant frequency,
and the deviation of the zero-axis current from its reference
value (=0) is minimized.

We also compare the performances of the three proposed con-
trollers with a conventional dq controller [12] and another con-
troller (CSpingAR ), Which was recently proposed by Ye et al.
[15]. We find that the conventional dq controller fails to stabi-
lize the PTBR even for a slight parametric variation of the two
modules. This is because the conventional dq controller does
not control the current on the zero axis, which is perpendicular
to the dq axes. The controller proposed by Ye et al. [15] per-
forms better than the conventional dgq controller. However, its
transient response is inferior to the proposed control schemes
for even moderate feedforward and feedback disturbances. For
even larger disturbances, the transient performance of the con-
troller proposed by Ye et al. [10] suffers considerably.

The effectiveness of CSnear deteriorates under saturated
conditions because the zero vectors cannot be applied [15].
Under saturated conditions, CSpiscreTr shares the same
limitation as CSpinpar- However, unlike the latter, the pro-
posed controller guarantees global stability within the boundary
layer [16]. That is why its transient performances are better.
The proposed control schemes, developed in the continuous
domain, do not have any such limitations, but create more
harmonic distortions. Therefore, to obtain a balance between

steady-state and transient performances and to operate the
PTBR in saturated conditions, a combination of CSconT1
or CSconT2 (outside the boundary layer) and CSpiscreTE
(inside the boundary layer) is recommended. Implementation
of such a hybrid control scheme on a digital signal processor is
fairly straightforward. However, if the worst case disturbances
are not large enough to saturate the PTBR, then CSpiscreTE
provides the best alternative.

APPENDIX
MATRICES Py;(i = 1,2,...5)
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