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A Novel Discrete Control Strategy for Independent
Stabilization of Parallel Three-Phase Boost
Converters by Combining Space-Vector Modulation

With Variable-Structure Control

Sudip K. MazumderMember, IEEE

Abstract—We propose a discrete nonlinear controller, devel- Module 1
oped in a synchronous frame, for a parallel three-phase boost J J I
converter consisting of two modules. The basic idea, however, can - _—
be extended to a system withV modules. Each of the closed-loop ‘ | ‘ { T
power-converter modules operates asynchronously without any ~, o T
communication with the other modules. The controller stabilizes ~ Va - L1
the currents on the dg-axes and limits the flow of the pure-zero Vi, Ly oy i
sequence current. It combines the space-vector modulation |——= s L e e
scheme with a variable-structure control, thereby keeping the Ve © 1 . rL1 ‘ IL13
switching frequency constant and achieving satisfactory dynamic 7 I
performance.
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Index Terms—Dbiscrete nonlinear controller, N modules, par- | I \ f {
allel multiphase converters, space-vector modulation, switching ]

frequency, synchronous frame, three-boost converters, variable-
structure control. o

. INTRODUCTION

ARALLEL multiphase converters have several advan

tages, including the capability to handle high power, higl
reliability, modularity, reconfigurability, less voltage or current
ripple, higher efficiency, fast-dynamic response, and lowe
cost due to reduced cycle time and ease of manufacturir
Therefore, such converters are being increasingly used
applications, such as motor drives, power-factor-correctic
(PFC) equipments, and uninterruptable power supplies (UP:
distributed power-electronic systems [1]-[5].

Traditionally, a parallel multiphase converter either ha
a transformer at the ac side [4]-[6] or uses separate power
supplies [3]. As such, the converters are not coupled and @ag 1. Schematic of the parallel three-phase boost converter (PTBC).
be designed individually. This approach, however, results in

a bulky and expensive ;ystem because O.f the Ime-frequeré%h system is shown in Fig. 1, which has two modules; it was
transformer and the additional power supplies.

With the significant improvement in the inte_bunt in the laboratory [7]-[9], and all of the discussion in this

grated-power-module technology, it has now become possiB%per is based on this system. We refer to this system as the
and feasible to directly connect three-phase converters parallel three-phase boost converter (PTBC), and we refer to

n
parallel. A three-phase pulse-width modulation (PWMS!A]G top and the bottom three-phase PWM modules as M1 and
rectifier, which operates under unity-power-factor conditioa

2, respectively. Both M1 and M2 are connected to the same
X . . ¢ distributed bus on the output side and to the three-phase
and regulates the bus voltage, is a viable option for an : .
Voltage source on the input side.

individual module of such a parallel-converter system. One

Module

A. Problem With Parallel Operation of PTBC

Manuscript received February 4, 2002; revised February 5, 2003. Recom-
mended by Associate Editor S. B. Leeb. When two three-phase PWM modules are directly connected,
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USA (e-mail: mazumder@ece.uic.edu). ]. We illustrate the problem with a simple example. Let
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ol (110 mented in a synchronous reference frame. Such a controller
usually controls the currents on tllg axes only because the
zero-axis current is negligible for the balanced system. How-
ever, when two three-phase PWM modules are directly con-
nected, circulating currents can exist in all of the phases [7],
[8]. However, the zero-axis current is not reflected on dge

—_—T
eed YY
& - 61 aan axes and hence a synchronous-frame controller (id¢heexes)
=14 (11-1) has no effect on the zero-axis current. There are several methods
Y\
Y\

(11

module 1 (M1)

(111)

proposed to reduce the cross-current between the modules [1],
[2], [13], [14]. Using a linear controller and space-vector modu-
a4 Jation (SVM) schemes, which do not use the zero vectors, Xing
et al. [7], [8] have developed schemes for standardized three-
phase modules to reduce the cross-current. The advantage of
e PEE) such schemes is that the communication between the modules is

_ o _ o minimal. However, the transient response of the PTBC is not sat-
Fig. 2. Slight difference in the position of the reference voltage vectors of th

two modules, as shown in the space-vector diagram (right), is responsible fdgg”wtory and the r_n_agnit_Ude of the Zero'squence current under
pure zero-axis current flow. The path of the pure zero-axis current is shown steady-state conditions is not shown. Koroeidil.[37] have de-
the left. veloped a controller for a three-phase standalone inverter, which
is capable of operating with an unbalanced load. The controller
bus-clamped space-vector modulation (SVM) [12], [15], [38bperates in theys frame. To ensure sinusoidal output waves,
The bus-clamped SVM scheme reduces the switching las® a8 components are controlled nonideally using a hysteresis
of the PTBC and increase its efficiency. As such, it is one eglay with an additional zero-phase-sequence elimination. Ye
the most widely used modulation techniques. The hexagomalal. [26] have put forward a similar idea to control a PTBC
space-vector representation of the operation of the two moduiestead of a standalone converter. In this paper, we will refer
is shown in Fig. 2 and the operation of the SVM is explained it this control scheme a8Sy-.. The linear control scheme is
detail in [36], [38]. simple and minimizes the zero-sequence current under steady-
For PFC applications, the bus-clamped SVM ensures that #tate condition by simply varying the duration of the zero space
phase carrying the highest current is connected to the bus pagetor. However, if the system saturates, the control scheme will
manently. This implies that, in Fig. 2, to synthesize the refenot work effectively, even under steady-state conditions. This is
ence voltage vector for module 1, which lies in sector 1 [21fhecause, when the system saturates, the zero vector cannot be
one should use the two active space vectdrs- 1 — 1) and applied [39]. Furthermore, the performance of the system under
(11 —1) and the zero space vector (1 1 1) in every switchindynamic conditions has not been demonstrated [26]. Finally, the
cycle. For module 2 the procedure remains the same [16]. implementation of this scheme requires that the duration of the
However, in a real world it is impossible to have two modzero vectors of one of the modules of the PTBC is fixed [26].
ules which are identical. As such, as shown in Fig. 2, at any
instant the reference voltage vectors of the two modules may II. NEW PROPOSITION
not be at the same location. The reference voltage vector for

module two is in sector 2 [21] and is slightly ahead of the ref-. In this paper, we extend the work in [7], [8], [26] using a
erence voltage for module 1. To synthesize it, one should crete nonlinear controller (VSC). A closed-loop PTBC is a

the zero vectof—1 — 1 — 1) instead of (1 1 1) [7], [8], which nonlinear, nonminimum phase system. Hence, the stability of
is used for module 1. For a standalone three-phasé converfa® closed-loop system using the control schemes described in

this small change makes no significant difference in stabilit 6] may not be guaranteed except in the vicinity of a peri-

However, for the PTBC if at any instant the switching states ic orbit. By using a nonlinear controller, we intend to improve
the two modules are (1 1 1) arfe1 — 1 — 1), respectively,

the stability and the dynamic performance of the PTBC under
then a pure zero-axis current is generated [7], [8], [26], [40].

Ayéarying operating conditions. The proposed scheme combines
shown in Fig. 2, the path of this current consist of the bus capé\_-/'v! W';h ? var!able-;tructurr? controII(Tr (\(]SC)' \r/]Ve bbel|eved,
itor and the boost inductors of the two modules. The circulatir]’s 1S the first time that such a control scheme has been de-
zero-axis current charges and discharges the three-phase in

ELQped to control a PTBC. Using this scheme, we can keep
tors simultaneously. One of the module picks up more curre e frequency of the power-converter modules constant under
while the other module drops off a current of the same maj

teady state and retain the superior dynamic performance of
nitude. As such, load sharing is lost. Furthermore, because

C [17], [18] even when the two modules switch asynchro-
pure zero-axis current is not reflected on theaxes, alg-axes nously and have different switching frequencies. Hence, clock
controller [10], [11] has no effect on the zero-axis current.

module 1 (M2)

(111)

-1

synchronization of the two modules is not necessary [7]-[9].

B. Existing Solutions and Their Shortcomings [Il. M ODELING AND ANALYSIS OF THE PARALLEL

There have been numerous publications regarding the design, THREE PHASE BOOST CONVERTER

operation, and control of three-phase PWM rectifiers [10]-[12]. In Fig. 1, we show a schematic of a PTBC with two power
In a balanced three-phase system, the control is usually impteedules. For each individual module, we assume that the varia-
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whereP, = [1 1 1]T. Equation (5) shows that, if the zero-se-
guence currents of M1 and M2 are zero, then the PTBC behaves
as two independent three-phase boost converters. However, for

U3=(~1,1.—1) U?=(1,1,-1)

Sector Il

\ ugé all practical purposes, the two modules will not be identical, and
U =01,11 \ . .
, = e henceir,, andi.,, are not equal to zero. However, based on
; L ' Fig. 1 and Kirchoff's current law, the zero-axis currents must
U =(1,-1,-1)
U st satisfy the constraint
8, A\, .
. 4 > s, =0 ©)
e ,
\ % U =(1,-1,-1) / k
Sector V ] Next, we consider the generic transformation
U =¢1,-1,1) U =011 b =1 =d
X7 =[rO)] X @)
Fig. 3. Distribution of the space vectors in thg frame. wherey?4® = [xq x4 X0 and[Z7'(#)] ! is a nonsingular matrix

o o _ o (given in Appendix Il). The componentg;, x,, andx, are
tion in the line inductance of each phase is negligible. Howevegferred to as the active, reactive, and the zero-axis components
the line inductances for two different modules are different. Wef y4¢°. Using (7) and

also assume that the esr of the output capacitor is negligible and .

the input voltages are balanced; thatlis,+ V;, + V. = 0.
Based on Fig. 1, we obtain the following differential equa- 0 = 0(to) + /“’dT (8)
tions (with discontinuous right-hand sides) that describe the dy- 0
namics of the PTBC wherew is the line frequency, we rewrite (1) as
. 1. . 1. 1. _ .
oc(t) = — E’Lload 20 Z Z iy, (D) ur;(t) Vo= — E'Lload'i‘a (ZLk.dukd + 1L, Ukg T ’LL,wuko)

-dqo o
spbe ube > i1, =T(0)(Pir+Pra) [T(8)] ™ 372 + T(8) Ps [T (6)] ' V00
ip, (t) = (Pr1 —I-sz)LL(: (t) + PraVase(t) +T(6 )P 76 )],1 _,dqov —|—T( ) Pys [T(6 )]71 _,dqov

—abc —abc k4 C k5 C
+ Puili® (toc(t) + Py (Doe (. (1) o
=1 oo

In (1) and for the rest of the papér,= 1 and 2. The vectors - T(H)@ [T(6)] ©)
representing the phase currents and switching functions of |Y|n1(9)
and M2 are given by

- o . . . T

T0e(t) = [iz,, () iz, () i, (D] @) i7" = [ir, in., in..]
and VA = [V Vy Vo]"

e (t) = [wpr (1) una () (1)) ©) " = [ura g uro]” (10)
respectively. In (1),Va,. = [V Vi Ve]" and the matrices whereV, = V, = 0 because we have assumed that the line

Pri(i =1,2,---5) are given in Appendix |. For the PTBC, thevoltages are balanced.
top and bottom switches of any phase are complementary inysing Appendices | and 11, we simplify (9) to
nature The switching functions,;(j = 1,2, 3) attain a value

—1 (or 1) if the bottom (or top) swnch of any phaseison. .
For the boost convertefeb<(t)(iat<(t)) can attain only eight ¢ =

2
Lzoad +— 50 E iLpaUkd + 0L, Ukg + T, Uko)

discrete valuesl{y = [-1 -1 —1]7,U; =1 -1 —1]F, < =t 0
Uy =11 17, Us = [-11 - 1T, U, = [-11 1T, a0 | 'Fw T L Y
T T T L, = | 'L =\ v —I 0
Us = [-1 =117, Us = [1 =11)7, Uz = 1 11)T) for "2 = |1l b
feasible operation, as shown in Fig. 3. Two of theSg and L1, 0 0 e 7
Ur) are the zero vectors, while the other six are the active Ly, 1 | Va
vectors. For convenience, we will drop the notation of time X i, | + T Ve
from now on. ir,, v,
If we define the zero-sequence component of the two modules 1 0 0
as ~ X001 o
214 L,
1 3 ' 0 0 Li+Lo>
5 Z ZLL»J' (4) U1d ve 0
Jj=1 X Uiq | — E LO
then we rewrite (1) as ) Uto "= Ti+I; Y20
+abe 7 e —Ir2 w 0
f;k —Proir,, :_7;5_: ( jabe PkoZL,m)‘f'PkSVabc Pr3it"ve fZO — Li;: — _if — L2 0
(5) iL, 0 0 —radre
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Loy 1 Vd M1 J -
X U + L_2 Vq ) = ) &= ) =
Lo, Vo " DC bus
1 0 0 I —
_ e 0 1 0 Ex ) = )‘—;u
2L, 0 0 Lo *
Li+L> d : -
U24 0 q
Usg | — o 0 (11) _
2L, Ly - 1.
U20 - Li+L> U1o - .
Equation (11) shows that, for each module, the dynamical equ tree-phase - '
tions governing the currents on thlg axes depend only on ‘@95 BCs
u1d(u2q) andusq(ugy). The differential equations describing g
the zero-axis currents (for both the modules) involve a cros I:%y ] o
coupling control term. However, if we treab, (u1,) as a dis- L T1T17
turbance foii1, (42, ), then the dynamics of the three currents ar -
governed by three fictitious but independent controls onithe F; F; F:
axes. .

We note thatir,, (i1,,) andir,,(ir,,) are not affected by

ir,(ir,,). If ui® = Uz andu3® = Uy or vice-versa, then Fig. 4. Block diagram of the closed-loop PTBC.
using (7), (11), and

cos(d) + cos (0 - 2%) + cos <0 - 4%) =0,

sin(f) + sin <9 — 2%) + sin <9 — 4%) =0 (12)

we can show that a pure zero-sequence current flows from one - i =0
O'kq Lqu Lqu

module to the other and, 4(u2q) anduq, (u2,) are equal to zero. o= i —0 (13)

During this time, the utility is isolated from the bus. For all other _1" B Lio = Mo = _

switching configurations, the zero-sequence current exists Mierek = 1, 2. While independent control ofy, andoy, is

following five sliding surfaces [17]-[19] to attain the control
objectives

- .
Okd :ZLM 2T =0

u14(u2q) @anduy,(usg,) are not equal to zero. possible, it is impossible to contrel,, independently without
any communication between the two modules [40]. However,
IV. DISCRETECONTROLLER controlling the manifold
A. Objectives and Architecture (01a=0)[)(014=0)(\(710=0) [ (024 = 0)[ (24 = 0)
(14)

The objectives of the control are three fold. First, the bus . : : .
voltage should be regulated at 400 volts. Second, the ph ssestlll_possm_le using one or more of _the foIIowmg_aIterna_-
currents of each module should be synchronous with the in [ffS- Increasing the va_lues of the line mduct_an_ces_, Increasing
phase voltages. Third, the two modules should share the po ie switching frequencies of the modules, eliminating the use

t o
consumed by the load equally. However, these objectives h&ero-space vectors [7], [8], or constrainifig, — us,|| on a

to be met by controlling the two modules as independently 5% uced-order manifold [40]. The first altgrnatwe makes th? size
possible. of the PTBC larger and the second one increases the switching

The architecture of the controller is shown in Fig. 4. Thlosses and stresses of t_he power devicv_as significant_ly. The last
controllers for the two modules have a multiloop structure, (t)h(()epstlo'?shqr? r;;)(;c reg;lucretz;\r:nl_r:]g:sase 'xt?]i bor(])stsl_r;dl:ﬁ;ance
with an outer voltage loop and an inner current loop. The on - witching frequency hl : 'Z?"' ughusing 71 th
common feedback to both modules is thexis reference thrdoptionwe can minimize the zero-sequence current [7], the

current (i, ) obtained from the outer voltage loop, Whichmagnltude of the zero-sequence current is higher than achieved

serves as the master. We use a common voltage loop becgf’:@g the last option [40]. Furthermore, implementation of op-

both modules are connected over a common dc bus. THY three increases the switghing ri_pple of the current [7], [40].
reference currents for the-axis (i7, ) and theo-axis (i7, ) erefore, we choose the third option.
are maintained equal to zero to achieve unity-power-factgr
operation and minimize the zero-axis interaction between the N )
two modules. The current loops are designed to be fast so thafVe 00k for stability on a reduced-order manifold, where
the closed-loop system can reject the feedforward and feedbdtead of controllingui, — uz, (0F uz. — u1,), We control
disturbances and regulate the output voltage. The outer voltdg@ir averages; that iS41, — Uz, (20 — U1,). An additional
loop is designed to be slow and is based on a linear lag-ldai@blem that we found in [40] is related to the switching fre-
controller with an integrator [7], [8], [11], [15]. guency. Sliding-mode control tries to optimize the magnitude
Mazumder [40] showed that it is impossible to control all 0bf switching [17], [19], and hence it cannot guarantee that the
the six currents in (2) independently. Therefore, we define tavitching frequency is constant. However, using hysteresis (as

Scheme
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in our analog schemes), the switching frequency can be kia b c d e f g h
reasonably constant under steady state [20]. On other hand,
control of three-phase boost converters using space-vector m
ulation (SVM) schemes [21]-[25] ensures a fixed switching fre
guency. However, the stability of these controllers, develop:
based on small-signal analysis, cannot be guaranteed excej
the vicinity of the equilibrium solution.

In this section, we develop a discrete control scheme for t
current-loop of the PTBC. The objective of the current loop |
to stabilize the PTBC on thé; axes and keep the zero-axis dis
turbance bounded. The outer loop of the overall control syste
that regulates the bus voltage is designed using a linear ¢
troller such that the impact of the higher-order line frequencir |~ U1 U2 U7 : Uz U1 Uo
on the closed-loop system is minimized.

An important feature of the discrete control scheme is thatriky. 5. Sample space-vector modulated waveform to synthesize the reference
keeps the switching frequency constant by combining VSC witRltage vector in Sector I.

SVM techniques. The control scheme can be combined with any

SVM scheme. However, not all of the SVM techniques can be {time interval b-c and f-g

used to reject the disturbance due to the zero-axis currents [8}« L, — W i, 1 [V

Therefore, we chose the SVM scheme outlined in [7], [8], [26fL+ ~ [ } - [ } [ ] L. [ }
to control the zero-axis current. In any given switching cycle, 4 ve [0 .
this SVM scheme synthesizes a reference voltage véator T oL, [8} cos(f) — 2Ln [_%} sin(f)
(see Fig. 3) using two zero vectors and two active vectors. For
example, ifiy. is in Sector |, then it is synthesized as [21]-[25]

o

k 1k : 2 k 0 k 2k 1k 0 k

Zqu

= Ak:ﬁ + BV 4 poCyy cos(6)

+ vcCra sm(H) (18)
Uy = 2T(t1U0+t2U1 +t3Uz + t4U7 + 15Uz + tgUs + t7Uo) {time interval c- dTa,‘nd eff
(15) Efli‘q |:LLI‘ i :| - |: L:\ - :| |:2Lkd :| i |:Vd:|
e - - TL, .

whereT = t1 +to +t3 +ts +t5 + tg + t7. * tLyq —w _L_;: LLq Ly VY(I

Having selected the SVM scheme, we need to expigss ve [ 3 ve [=1 .

P . : —— | 5 |cos(f) — — \/5 sin(f)
andir,, in discrete form to implement the current loop using 2Ly, | 5 2L, | =2
i 57 i - -

the DVSC. The discrete form @ik is a map of the form _ Akﬁ%(i + BV 4 oDy cos(ﬂ)

+ ve Do sin(f). (29)
B+ 1) = B (79 (), V(). F0()) (26) o

The closed-form solution of (17) is [27]-[30]

where i = [ir,, iz, ]T, V4 = [V; V)7, and g P o L o
£% = [tra tre)T. To obtain the map (16), we first solve i, (m+1)=e ig, (m) + (e — DA BV
for i11 (using (11)) in each time interval of the space-vector =®p1iy (m) + TV + Qrive(n)  (20)

modulated waveform. One such waveform is shown in Fig. 5, o o
which is valid only for Sector I. We start by solving féf, , where represents then™ sub-sampling period in the

g
andiy, in Sector | for each interval of time. Once we obtaiff2™P!Ng periody’ (m) is the initial value ofi}’ at the be-
all of the solutions, we obtain a map that relatgs, andi ginning of the sub- mterval ang is the duration of the sub-in-
at the end of a S\;vitching cycle with those at fF]e begi’;;mnterval A closed-form solution of (18) is not possible. To proceed
Subsequently, using this map, which is valid only for Sectorﬂjrther we assume that the bus voltage is constant through out
we obtain the,generahzed map (16). a sampling interval. Then the solution of (18) is given by

Fig. 5 shows that, although there are seven intervals of time ; dq L(m+1) = eArting dq L(m) + (eArte ])Angvdq
in a given switching cycle, only three of them are distinct. Using
(11), (12), and noting that (7) reIaté%q to 2%, we rewrite the
dynamical equations forz, , andiz,, in each of these distinct

ti(m)+tis
+ ve(n) / Ak (b () +11—€)

intervals of time as tr,(m)
X Cp1 cos(w&)d¢
{time interval a-b, d-e, and g}h th (m)+t1y
?dq — [‘LH} - [_TLL_Ak w ] |:Z'L1H1:| n 1 [Vd} +ve(n) / e (b (m)+tie—£)
Ly Z'qu —w _LL: 'L‘qu Ly VZI tk.(m)

= Ayl + BV (17) X Cia sin(wé)dé. 1)
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To obtain the closed-form solution of (21), we let

Y =tr(m) +tig — § (22)
which implies that
dip = —d¢
£ =tp(m) 4+t — . (23)

1075

iw(ty (m)+tig) )
e k(e(Ak—wI)tlk_I)

+ ve(n) <TM
x (A, — iwI) "' M Cha

—Lw(tk (m)+t1;‘)
_ (AA +iwI)t1A._
21 M ( I)
X (Ay, + iwl) T M, Cho) (27)

The solution of (19) can be found directly from (27) by replacing

Using (22) and (23), we rewrite (21) using hyperbolic function§'y; with Dy, andCys with D,». If the switching frequency of

as

Li(i (m+1) = eAktlk;(é’i (m>+(eAkt1k _I>Alek‘7dq
tik
+ Uc(")/eA"'ow
0
iw(ty (m)+tie—1) —tw(tr (m)+tik—1)
X (e +26 )dL/)

tik
+ve(n) /eA”bCkg
0
(eiw(tk (m)t+t1e—v) _ g—iw(tr (m)+t1r—v)
X

5 ) dy. (24)

Now, the eigenvalues ol (=
and hence we can write*+? as

etV = Myt v M, ! (25)

where M, is the modal matrix whose columns are the eigen-  Qp,
vectors of Ax. The matrixA, is diagonal and its elements are
the eigenvalues of;,.. As suche”* 1 is also a diagonal matrix.

Using (25), we rewrite (24) as

eA"t“';cLl(i (m) + (eA"t“' — I) A;lBkaq

tik
+ e (n)e T Ap /
0
(e(f\k—iwf)w + e(AL.-q-iwI)w)
X

i (m+1) =

2
tik
X Mk_lcklde + vc(n)ei“(tk(m)ﬂlk)Mk
0
(e(Ak—'iwI)w _ e(Ak+m1)¢>
>< .
29
X M Cradi) (26)

wherel is the identity matrix having the same dimensiomas
Finally, we obtain the closed-form solution of (26) as

Z‘(é(i (m+ 1) — eAktlk?é(i (m)+ (eAA-tlk _I)Allevdq
iw(ty (m)+tix) .
(S o)

1Mk_1Ck1

+vc(n)

X (Ak - 7:(/.)])7

efiw(tk (m)+t1k)

n 5 M, (e(Ak.+iwI)t1k._I)

X (Ay, + iwl) "' M Cy)

—(rr, /L) £ iw) are distinct,

the PTBC is high, then we can assume that during one switching
cycled is constant. Therefore, (27) simplifies to

etk ;‘i‘i (m) + (et — I)A;lBqu
+ (et — 1) A Oy cos (8(n))
+(eArtir I)Ak_,lez sin (H(n))) ve(n)

ZLk(m"i' 1) =

= (I)kgz%i (m) + szvd‘l + ngvc(n). (28)
Then, using (28), we obtain the solution of (19) as
il (m o+ 1) = e300 (m) + (e — A BV
+ ((e***2¢ — I)A; " Dyq cos (68(n))
+(e*t2i — YA Dyo sin (8(n))) ve(n)

= Dpaiyt (m) + Ts V9 + Qg (). (29)
Using (20), (28), and (29) and knowing that
tak =2tok, tsk = lik, lak =2k, t7x = tok
Qi =, =, =0
=gy Qg = Qi (30)
we obtain the map
i1 (n+1) = = ®itL (n) + TRV + Quatra(n)ve(n)
+ katkg (n)’uc (n) (31)
where
(Pk = eAkT
Ty =(eM*T — 1A' By,
ko =2Ck1 cos (6(n)) + 2Cka sin ((n))
Qrp =2Dg1 cos (0(n)) + 2Dy sin (A(n)). (32)
Using
1
thg = B (cos + \/ sm ) 2tor
+ co (9)2t1k
1 .
=5 ( ) cos(f) — 5111(0)) 2o,
— sin(0)2ty;, (33)
we convert (31) to the following form:
i (n+ 1) = B (i (), 77(n), 77 (n))
=®piy! (n) + TRV + Q) (n)  (34)

where();, is a diagonal matrix. Using the procedure described
above, we obtain maps similar to (34) for Sectors II-VI. Now
that we have obtained the discrete formiﬁg, we define the
following sliding surfaces to control the currents on thyeaxes
~d 2dq 7d
kq(”) =17, (n) — L(i (n),

5»2(1 = [de O’kq]T. (35)
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The stability of the sliding surfac@cﬁ‘lq(n) is determined using
the discrete Lyapunov function

V (oka(n), org(n))
For stability [31]-[34]

Vi1 (0ra(n + 1), 0xg(n + 1)) Vi (0xa(n), 0xq(n)) < 0

= oka(n) (oka(n + 1) — oka(n)) + oke(n)

(orq(n + 1) — opge(n)) <0. (37)
Map (34) shows that the sliding surfaces:(n) and oy,(n)

l&»dq

= 5o ()77 n).  (36)

have independent control, and hence the stability condition (37)

is simplified to

Fn)” (710 +1) = 51(n)) <0, (38)
Condition (38) is satisfied if we chose
Fl(n +1) — 31 (n)
= (= Akasgn (oxa(n)) = Aegsen (okq(n)))” (39)

and determing,’?(n) based on (39). In (39)Ars and Az,
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TABLE |
NOMINAL PARAMETERS OF THEPTBC
Parameter Nominal Value
Vab = Voe =Vea =V, 208 V (rms)
ve (regulated) 400 V
Switching frequency (= 711—) 32kHz
Ly=Ly=1L, 500 uH
TLha =TL, =TL, 0.5 Q
o 1200 uF
R 4 Q
Power rating of M1 and M2 20 kVA

are scalar parameters that determine how fast the closed-loop
system reaches the quasisliding surface. Substituting (35) into

(39), we obtain

—d =
Fn+1) = 3 (n) = (Fi (0 +1) = 7 (n 4+ 1))
—dq
— 7} (n)

—d .
(72 (4 1) — @42 ()

— TV — Qkf:q(n)) - &(n)
= [—)\degn (de<n)>
— Argsgn (org(n))]” (40)

and then determinéfq(n). We then use (33) to obtainy, tox,

andtor(= (1/2)((T/2) — t1x — tar,)) from £ (n).

Although this scheme increases the flexibility of operation, it
can not completely control the circulation of the zero-axis cur-
rent. Hence, the zero-axis disturbance can be controlled by the
size of the line inductor and the switching frequency of the
converter.

V. RESULTS

We present simulation results obtained by closing the PTBC
using three different controllers. The first one is a conventional
dq-axes controller, which is described in [10], [11]. The second
controller(CSy.) is due to Yeet al.[26]. The third(CSgiscrete)
is our proposed discrete nonlinear controller. The values of the

While deriving the duration of the zero vectors, we did ndiominal parameters for the PTBC are listed in Table I. The load

distinguish between the vectots andU,. However, to con-

is chosen to be resistive in nature and has a magnitude of

trol the zero-axis current, such a distinction is necessary. Letidgwever, the proposed control schei8g;...... can be ap-
rewrite the total duration of the zero vectors in a given switchirigfied to systems that involve other types of loads because they

cycle as
dtor = (1 — Br)4tor + Br(4tor)-

It has been shown in [26] that for the PTBCAf = 0.5, then
by assigning(1 — /31)4t01 to Uy and 31 (4to1) to Uz, one can
minimize the effect of the zero-axis current. The paramétés
the output of a feedback loop of M1 that regulates the zero-a
current to zero [26]. If, however, assignirity = 0.5 is not

(41)

possible (for reasons of flexibility), then one can obtain the ze
vectors as a combination of the active vectors. For example, q

can synthesize a reference vecipifor M1) in Sector | as
o [
Up = %(tho +t11U1 + 121Uz + 2t01U7 + 121Uz + £11U3

+t01Uo)
o Vo (1

=97 §t01(U4 + U1) + t11U1 4 t21Us + t01(Uz + Us)

).

1
+ to1Us + t11U1 + =to1(Ur + Us)

> (42)

are independent of the load type.

For all the three controllers and as shown in Fig. 4, the outer
voltage loop, which regulates the bus voltage at 400 volts, has
been chosen to have a slower dynamic response as compared to
that of the inner current loops to ensure stability of the overall
system [35]. The choice of the parameters for the voltage loop
are based on the results of [15]. The output of the voltage con-

¥Bller serves as the reference for thaxis current. The refer-

ence for they-axis current is set to zero for unity power-factor
Bberation. The-axis current reference f@rSy. andCSiserete

et to zero to minimize circulating current between the two
power modules of the PTBC. The choice of the controller pa-
rameters for the current loop of the conventiodglaxes con-
troller andCSy-. are described in [10], [11] and [26], respec-
tively. Design of the current controller f@fS 4; srcte IS OUtlined

in Section IV-B. To close the current loopsdn or dqo frames,

the stationaryabc) frame currents in (2) are transformed to syn-
chronougdqo) frame using the transformatidfy{#) described

in Appendix Il. For all the three controllers, the output of the
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phase currents of M1 phase currents of M1

phase currents (A)

phase currents (A)

phase currents (A)

phase currents (A)

2§:n 3&\ BEJ:n

time (s)

Fig. 7. Phase currents of M1 and M2 using a conventional controller when

the parameters of the modules are the same, exteps 95% of L,. The

result shows the limitation of a conventior&l controller in ensuring even-load
¥tribution when the two modules have parametric variations.

Fig. 6. Results obtained using a conventiodalcontroller for two similar
modules (i.e., the values of the parameters of M1 and M2 are identical). Clea
the phase currents are balanced.

current-loop controllers are used to derive the reference volte I —
vector (shown in Fig. 3), which is then used to obtain the di T e ,__;‘f”)"’
rations for which the active and zero space vectors are turr 4 e

on. The procedure to obtain these time durations for conve y

tional dg-axes controller an@Sy-. are described in [10], [11] L
and [26], respectively. For th8Sj;s.t., durations for the ac-
tive and zero states are obtained using (30), (33), (40), and (4 h{ |
Using a conventionalq controller [7], [8], [11], [15] oper- '
|y

ating with the bus-clamped SVM [8], [36], we show in Fig. €
the steady-state responses obtained for the case in which the
rameters of M1 and M2 are equal to the nominal values and 1
switching instants of the two modules are half a switching cyc
apart (interleaved operation) [7], [8]. Clearly, the phase currer
are balanced. The two modules operate with interleaving tom
imize the ripple in the output voltage. We chose the bus-clamp. ..
SVM scheme_ [8] t_O_ reduce the _S.WItChlng loss of the PTB Ig. 8. Three-dimensional view of the unbalanced phase currents of M1 in
and increase its efficiency. In addition, for power-factor-corrégre o 30 frame. It shows that a conventiondi; controller can not see the
tion (PFC) applications, the bus-clamped SVM scheme is thao-sequence current because it lies on a perpendicular axis.
most favorable because, in a given sector, the phase carrying the
highest current is connected to the bus permanently [36], [38)lane still rotate in a circle, the zero-axis component oscillates
In practice, itis impossible to manufacture two identical modip and down. The flow of the zero-sequence current causes a
ules. In fact, it is not uncommon to have variations in the cistrong oscillation in the phase currents of the two modules. Con-
cuit parameters of the order of 5%. To simulate one such s&equently, the load sharing between M1 and M2 is poor. Thus,
nario, we reducd.; by 5% from its nominal value, but keep thethe performance of a conventionaj control scheme is not sat-
values of all of the other parameters of M1 equal to their norisfactory even under small parametric variations.
inal values. Moreover, we keep the values of the parameters ofn Fig. 9, we demonstrate the steady-state performance of the
M2 equal to their nominal values. Furthermore, the two modul®JBC operating witiCSy-. [26]. The values of the parameters
operate with interleaving and use the same SVM scheme [8].dre the same as those used to obtain Figs. 9 and 10. We see
Fig. 7, we show that, even though there is only a minor diffethat, by controlling the zero-sequence current in addition to the
ence in one of the parameters of the two modules, the phagecurrents, the steady-state performance becomes satisfactory.
currents in each module are no more balanced. Although the zero-sequence current is not eliminated, its overall
In Fig. 8, we show projections of the averaged values of tledfect is minimized.
unbalanced phase currents (of M1) in g frame onto the  Next, we explore the dynamic performances of the PTBC
afo axes. It show that, while théandg components onthe using our proposed control schefi8 ;;;¢;.c:e andCSy-. under

50

B0 plane
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phase currents of M1 400 ' . 400
, 380
— s 30 prommmmeeeeeee s
1 2 ; © 360}t
g S pr aun |-
3 310 ' 320 '
= 0.15 02 025 0.15 02 025
phase currents of M2 s .
T [ =
z L
50
340
0.15 02 0.25

(b) time (s)

phase currents (A)

Fig. 11. Drop in the bus voltage obtained usitiiscrc:c (a, €) andCSy .

(b, d) for cases three (figures on the left) and four (figures on the right). For
both cases, the drop in the bus voltage is larger when stg. , even though

it is implemented for a smaller variation (5%) as compared to the proposed
time (s) control scheme (15%).

Fig. 9. Phase currents of M1 and M2 obtained usifi§y. when the
parameters of the modules are the same, exteps 95% of L. By adding a
zero-sequence controller, the effect of the overall unbalance as seen in Fic
has been minimized.

iL1a®

015 02 0.25 015 0.2 0.25

(a) time (s) (c) time (s)

150

0 H
015 02 0.25 015 0.2 0.25

(a) time (s) (c) time (s)

100

: ' 5 H '
015 02 0.25 0.15 0.2 0.25

(b) time (s) (d) time (s)

Fig. 12. Change in the active current of M1 obtained usiftg;sce:e (a, C)
andCSy. (b, d) for case one (figures on the left) and case two (figures on

el

300 H 0 H N ’ L . . .
015 02 055 015 02 005 the right). AlthoughCS ;....;. Operates with a larger variation ih,, its

) ! performance is good. UsingSy ., there is more than a 30% undershoot in
(b) time (s) (d) time (s) A . . f
ir,14 immediately after the disturbances.

Fig. 10. Change inthe bus voltage obtained u§ifg; . ....:. (a, c) and_Sy .
(b, d) for case one (figures on the left) and case two (figures on the right). For o
either case, the drop in the bus voltage is larger when g, , even though linear controller under extreme conditions. For both the con-

it is implemented for a smaller variation (5%) as compared to the proposedirg| schemes, the values of all of the other parameters are kept
control scheme (15%). . . .

equal to their nominal values. We found that, using the proposed

control scheme, the performance for smaller variation&in
further variations in the parameters of the two modules. Tlgexcellent. Due to the limitation in space and to avoid dupli-
switching frequencies of M1 and M2 are set at 16 kHz arthtion, we only demonstrate the performanc€sf;s,ct. for
32 kHz, respectively, to replicate the conditions in [26]. In redhe larger (15%) variation if; . If the closed-loop system per-
life, the two modules will be physically apart, and hence syrfierms satisfactorily for large parametric variations, it will cer-
chronization of the clocks is expensive and not reliable [8], [9lainly perform satisfactorily for small parametric variations.
Hence, to increase the redundancy of operation, we switch M1Having set the operating parameters, we determine the re-
and M2 asynchronously. To test the robustnes€®f. under sponse of the PTBC (usingSy;screte andCSy-.) under small-
parametric variation, we redudg, by 5% from its nominal and large-signal feedforward and feedback disturbances: four
value. We test the robustness@$,;....t« Dy reducingl; by cases are considered. For both cases, we investigate the perfor-
5% and 15%, an even larger variation in its nominal value. Tmeance of the PTBC by determining the drop in its bus voltage,
larger variation inL; , which makes paralleling M1 and M2 everthe change in its reactive and active currents, the power factor,
more difficult [8], is chosen to test the robustness of the nomnd the current sharing between the modules.
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10— ,
=
o
o]
015 0.2 025 015 02 0% 015 0.2 0.2
time (s) (c) time (s)
<
=
=
. : , qol—+ e
015 02 05 015 02 0.5 015 02 025 0.3 035 015 02 025 03 035
(b) time (s) (@ time (s) ® time (<) (D time (=)

: ; ; ) , Fig. 15. Change in the reactive current of M1 obtained u§ifg; s, (a, )

Fig. 13. Change in the active current of M1 usiti§q;scrcte (@, €) andCSy . . A

(b, d) for case three (figures on the left) and case four (figures on the rig .dtcs_l‘_'ﬁe(b’e ?f)(:?r;];?ig t:frfﬁe(f'%greossgg tchoenlt?(f)tl)s:hde‘;‘r?:?s]cozgglgg\r/: (:r?otseh

The performance of the proposed control scheme is satisfactory, even thougft oﬁ t)a.rates Svith alarger variatio?] ﬂ;) For case fourC's failg to rﬁaintain 9

operates with a larger variation Iy, . The performance ofSy-., for case four, th p i ? h di 1t' v after th Ud. ‘tYE Thi K

is not satisfactory. Beside§,Sy . has a slower recovery time for case three. € average oip., at zero Immediately after the disturbance. 1his weakens
the decoupling betweei, 14 andi .1, and hence the dynamic response of the
PTBC suffers.

1 : 10
' Case two is similar to case one, except that the drop in the
input voltage is larger, 50% of its nominal value. We plot the
' changes in the bus voltage obtained with all of the control

5 schemes. Fig. 10(c) and (d) show that, with a larger feedforward

3 > T " 05 disturbance, the dip in the bus voltage is larger and the recovery
@ time (s) © ame  time is longer for all of the control schemes. However, the drop

" : ' : in the bus voltage and the recovery time obtained Wify-..,

are, respectively, larger and longer than those obtained with

CSgiserete €ven thoughCSy-. is implemented for a smaller

variation inLy.

; ; For case three, we subject the PTBC, operating in steady-

0B 02 0% 03 - o.l15 U.lz 0..25 o3 State, to asudden change in the load resistance frano64 (2

. sme (6) @ ame s (NOMinal value). Fig. 11(a) and (b) show that the change in the
bus voltage obtained usingSy;screte iS smaller than that ob-

Fig.14. Change in the reactive current of M1 obtained usifig;...... (a,c) tained withCSy-.. Moreover, the recovery time obtained using
andCSy . (b, d) for case one (figures on the left) and case two (figures on tr@sye is Ionger.

right). The performance of the proposed control scheme is good, even thougl]:. v f f bi he PTBC |

it operates with a larger variation ih, . However,CSy . fails to maintain the inally, for case four, we subject the to an even larger

average ofi;,, at zero immediately after the disturbance. This weakens tt@hange in the load resistance from 40Qalmost no load) to
decoupling between, 4 andi.i, and hence the dynamic response of thgy|| [oad (4Q). The results are shown in Fig. 11(b) and (d). We
PTBC suffers. . - .
see that the regulation of the bus voltage, immediately after the
disturbance, is the poorest when the PTBC is controlled using
For case one, we subject the PTBC, operating in steady-st&i8; .. Moreover, the recovery time of the bus voltage obtained
to a sudden change in the input voltage. Initially, the inputith CSy-. is the longest.
voltage is set equal to its nominal value, and after the transientNext, we investigate the performances of the infaks) cur-
itis assumed to decrease to 30% of its nominal value. We begémt loops for all cases under feedforward and feedback distur-
by investigating the drop in the bus voltage. The results apances. The higher the disturbance rejection capability of these
shown in Fig. 10(a) and (b). We find out that the dip in the busops is, the lesser the impact of these disturbances on the bus
voltage is maximum when the PTBC is operated udiltyg-.. Vvoltage is. Using the same procedure as described above, we
In addition, for this control scheme, the recovery time for thiirst investigate the response of tiieaxis (active) current using
bus voltage is longer. The ripple in the bus voltage obtaindmdth the control schemes. Fig. 12(a) and (b) show the response
using CSy;screte 1S Marginally higher than that obtained withof the active current of M1 (i.es14) for case one. Later on,
CSy. because the former operates with = 0.85L,, and we will show the currents of both modules. We see from the fig-
Ls = L, compared td,; = 0.95L,, andL, = L, for CSy.. uresthat, usingthe proposed control scheme, the PTBC does not
Thus, even with a larger parametric variation, the performanbave any undershoot after the feedforward disturbance. How-
of the proposed control scheme are better than that obtaire@r, the parallel converter shows a significant drop inithe
using the control scheme proposed byetal. [26]. when usingCSy.. Because of this undershoot, the drops in the

iL1q®
o

iL1q®
o

.............................

iL1q®
h o
iL1g®
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Fig. 16. Distribution of the line currents between M1 and M2 obtained USB\g . ... (a, b) andCSy-. (c, d) when the PTBC is subjected to a large disturbance
in the input voltage (case two) and the load (case four). The proposed control schefi&;andperate with’.;, = 85%L,, andL; = 95%L,,, respectively.

bus voltage obtained usingSy ., as shown in Figs. 10 and 11, We then investigate the response of thaxis (reactive) cur-
are higher. rent of the PTBC for both the cases. The results are shown in
For case two, the 4 obtained usingCSy;screte andCSy.  Figs. 14 and 15 for M1. We see that, under steady-state con-
are shown in Fig. 12(c) and (d), respectively. The overalitions, the average af,;, obtained using all control schemes
responses are similar to those obtained in case one. Howeisgbout zero. As such, the input power factor of the PTBC is
the recovery times using all schemes increase. Moreovelgse to unity. However, for either a large disturbance in the load
when the PTBC operates witfiSy., there is a further in- or the input voltageCSy-. is unable to maintain the average of
crease in the undershoot of 4. The ripple in theiz 4 using <114 atzero immediately after the disturbance. As such, the per-
CSuaiscrete IS higher because they operate with = 0.85L,, fect decoupling betweeiy,;; andiry, is lost and the rate of
andL, = L, as compared téd., = 0.95L,, andL, = L, for transfer of power from the input to the load deteriorates [15].
CSy.. The responses af,;4 for cases three and four, showrFor CS;screte, 41,14 d0€S NOt have any undershoot after the dis-
in Fig. 13(a)—(d), are self explanatory and similar to thoderbances. Therefore, it follows from Figs. 12—15 that, unlike
obtained for cases one and two. We see that the performant3-., the proposed control scheme maintains decoupling even
of the PTBC operating withCSy-. suffers considerably for under severe feedforward or feedback disturbances and hence is
large load disturbances. No such shortcoming was observadre robust [15].
for the proposed control scheme. Therefore, even with largeNext, we investigate the sharing of the line currents between
parametric variations, the disturbance rejection capabilities ifL. and M2, when the PTBC is subjected to a large disturbance
the proposed control scheme is better than that$f. . in either the voltage (case two) or the load (case four). Fig. 16(a)
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cause the conventiondl-axes controller does not control the
current on the zero axis, which is perpendicular todipexes.

The controller proposed by Yet al. [26] performs better
than the conventionalg-axes controller. However, its transient
response, when the input voltage and the load drop to about
30% of their nominal values, is inferior to the proposed con-
trol scheme. For even larger disturbances, the dynamic perfor-

iL10 (A

100 . mance of the controller proposed by ¥eal. [26] suffers con-
-100 0 100 siderably. We find that, if the input voltages drops to 50% of its
‘L1p ‘A:ime © © rated value then, the dips in the bus voltage and the active current
-100 T are about 25% and 35%, respectively, of their nominal values.

i For the same disturbance, using the proposed control scheme,
E the drop in the bus voltage is about 15%. The active current
does not show any undershoot. When the PTBC is subjected to

LI N A B a change in the load from almost no load to full load, the control

iL10 (A

scheme proposed by ¥ al. [26] barely stabilizes the system.
The undershoot and the overshoot in the bus voltage and the ac-
tive currents are about 25% and 28%, respectively. Furthermore,
-100 0 100 the recovery time is considerably longer than obtained with the
time (s) (b) LB e s @ Proposed control scheme. The drop in the bus voltage, using the
proposed control scheme, is about 16% of its nominal value. Be-
Fig. 17. Steady-state currents on the zero axis andotheaxes for M1 Sides, the active current does not show any undershoot.
obtained using’S ; scr.:. (&, ¢) and"Sy-. (b, d). Both the cases have the same  The effectiveness of the controller proposed byeYal.[26]
parametric variations. As such, the harmonic distortion and the zero-sequeacet . d d diti b h
current ofCS, andCS,.. are close. eteriorates under saturated conditions because the zero vec-
tors cannot be applied [26]. Under saturated conditions, the pro-
_posed control shares the same limitation as that proposed by Ye
and (c) show the performance of the PTBC for case two usigg |, [26]. However, unlike the latter, the proposed controller

CSaiserere aNdCSy-.. Forthis case, we see that the best transiegfjarantees global stability within the boundary layer [40]. That
response is achieved usifi$ j;scret.. The recovery time of the g why its transient performance is better.

PTBC obtained withCSy-. is the largest. Moreover, immedi-  The proposed discrete controller combines space-vector
ately after the change in the voltage, there is an undershoot ahgjulation with variable-structure controller within the
an overshoot in two of the phase currents, which are not evidgjfundary layer. This ensures that under steady-state condition,
in the responses obtained with the proposed control schemeghe switching frequency of the parallel three-phase boost
Fig. 16(b) and (d) show the performance of the PTBC for caggnverter is constant.

four usingCS;screte aNdCSy-, respectively. The response of  The operation of the proposed controller does not require any
the PTBC obtained witl’Sy-. is significantly inferior to that communication between the modules. Therefore, the proposed
of the proposed control scheme, both in terms of the respoRgtroller has high redundancy and can be extended to a par-
time and current sharing. Thus, even with a larger parametgiie| three-phase converter operating with more than two mod-
variation, the performance @Sy;scrctc is better than that of yles. Furthermore, using the new controller the modules operate

CSye. _ asynchronously with different switching frequencies in the pres-
Finally, we show the impact of the control schemegnce of variations in circuit parameters.

CSgiserete @and CSy. on the steady-state ripples of the phase
currents (in theag frame) and on the zero-axis current that APPENDIX |
circulates between the two modules in Fig. 17(a)—(d). For all

of these plots, we chosgé; = 0.85L, and Ly, = L,. All

other parameters are kept the same as before. We note that, P;; =
the smaller the magnitude of the zero-axis current is, the more

-100

T'Ll

3Ly (L1 + Lo)

effective the load sharing between the two modules is. The 3Ly + 2L =L, —L,
steady-state ripple and the zero-axis current obtained using X —L, 3L1+ 2L —Ly
both schemes are practically the same. —L, =Ly 3Ly + 2Ly
r 1 1 1
Po=-—+-—"2=2——1|111
VI. CONCLUSION . 3(LatL2) |4 4
We compare the performances of the proposed controller with 1 2 -1 -1
a conventionalig-axes controller [7] and another controller, Pz = 3L -1 2 -1
which was recently proposed by ¥t al.[26]. We find that the -1 -1 2
conventionalig-axes controller fails to stabilize the PTBC even 1

for slight parametric variations of the two modules. This is be- = 6L1(Ly + Lo)
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cos(f)
1 (= cos() + V/3sin(f))
1 (—cos(#) — V3sin(6))
{ —sin(0)

L (V3 cos(9) + sin(f))
2 (=V3cos(8) + sin(9))
—cos()

1 (=V/3sin() + cos(h))
£ (V/3sin(6) + cos(f))

S-S S

o O O
| I

3Ly + 2Ly —Lo —Ls [6]
X —Lso 3Ly +2Ls —Lso
— L, Ly 3Ly + 2L,
L, Ly Iy
Ly In In
L, L,

(71
1

Py=—
Y7 6L (L1 + Lo)

(8]

9]

TL1

T 3(Ly + L)

TL’)
22 3Lo(Ly + L)
3o+ 214 14 =1y
X —I 3Ly + 2L, —ILy
—I —Ly 3Ly + 214
) 2 -1 -1
Poys=— | -1 2 -1
SL» -1 -1 2
Lo Lo Lo
Ly Lo Lo
Ly Lo Lo

Ly
1
1
1

— = =
— = =

(11]

(12]

[13]
_ 1
~ 6La(L1 + Lo)
Pys = — L [15]
6L2(L1 + Lo)
3Ly + 214 —14 —14
X —14 3Ls + 214 L,
-1 —Lq 3L, + 2L, [17]

[14]

[16]

(18]
APPENDIX I

(See equation at the top of the page). [19]

(1]

(2]

(3]

4]

(5]
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