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Short Papers

Reference Frames Fit for Controlling PWM Rectifiers The angular displacement & , with reference to the stator frame,
s, is then

J. L. Duarte, A. van Zwam, C. Wijnands, and A. Vandenput ! s .1 e sm
Cos @4 = 'wg /'wgﬂ s @, = 'l#’g‘/wg (3)

Abstract—Keep things simple when controlling bidirectional pulsewidth ~where v, = (1#/‘51)2 + (7#/’52) . Thereby, the radian frequency
modulation rectifiers by considering the utility grid as a virtual electric o = d(,;;/dt is as follows:
machine. The advantage is that the air-gap flux of this big machine can
be directly measured in a straightforward way. Therefore, as shown in R 1 Xt i 282 szi Xt
4 ll’g dt ’%/g (4)

this paper, principles of field orientation can be applied to control the Y= (1g)? Vo g Y
flow, yielding high-d i f . . .
power Tiow, ylelding high-cynamic performance wherew equals the angular frequency of the ac mains only in the

Index Terms—Active filters, field-oriented control, power quality. case of symmetric and sinusoidal voltage supply.
The instantaneous active-power flow into the grif, =
{u;} " {3}, is found to be, after projection onto a frame oriented

) ] - ] ) ~ with ¥,
The integration of the utility grid voltages with respect to time

yields a virtual rotating magnetic-flux vector which can be chosen P, = % {1hg 3227 4 wip 07 (5)
as a privileged reference frame to control bidirectional pulsewidth ) S

modulation (PWM) rectifiers. The projection of the system equatiorxf%here the current coordinate transformation is given by

onto this rotating frame leads to the separation of the line current into [tﬁ’gl} [ cos g sin gy } [lﬁl}

I. INTRODUCTION

o ©)

two orthogonal components. The component in quadrature with the ¥g2 2

. . . . ls
virtual-flux vector imposes the instantaneous active-power exchange, . - ) )
while the direct-axis component gives the instantaneous reactfy8Uation (5) is always valid, even under transients or asymmet-

power between the phases. As a consequence, decoupled and KlghMmains voltage. Purely sinusoidal and symmetric supply yields
dynamic power control is made possible, in complete similarity witi's/dt = 0. In this case, (5) reduces then to
well-known techniques commonly applied to electrical machines. P, = wipl'? @)

—sin @, cos @,

which means that only the current component in quadrature ®jith
imposes the instantaneous active-power flow.

To put the main control issues into perspective, a diagram of ain order to derive a linear transfer function for the system, it is
PWM-rectifier system is shown in Fig. 1. The principles of fieldhssumed further that, for simplicity, the line currents are accurately
orientation can be readily adopted for describing the system behavigsntrolled with any method such thaf?' = 0, aiming at energy
if the voltages imposed by the utility grid in combination withtransfer with minimum current and unity power factor. This also
the ac-side inductors are assumed to be quantities related ten@ans that (7) applies. By taking now the total instantaneous energy
virtual ac machine. With this abstraction in mind,, and R, stored in the line inductor&, into consideration, the power balance
represent the stator leakage inductance and the stator resistance ofthie dc link in Fig. 1, which is buffered by a lossless capacitor
virtual machine, respectively. Hence, the phase-to-phase grid voltages, is found to become
Uab, Upes Uea WoOUIlD be induced by a virtual air-gap flux. Otherwise d ., ) df, a2\ 2
stated, the integration of the phase-to-phase grid voltages leads to E{g Cac(uac) } = Proaa — Py — %{5 Lo (u ) }
a virtual grid-flux vector®,, which is rotating with respect to a

Il. SYSTEM DESCRIPTIONBASED ON VIRTUAL-FLUX ORIENTATION

. . 4 . . 8
stationary frame oriented with the machine stator. Thus, according to ®)
the definitions in the Appendix, with Pr..a representing the power coming from the downstream
e converter (for simplicity, the dissipation i®, and in the switch-
. 'll’;l s /“g dt ing transistors is supposed to be negligible). Assuming next small
=1 o|= / ugdt =17, 52 1. | (@) variations in (8), for instancedua. = wac — [tac]o, Wherefuac]o
Vg ul” dt . . .
g represents an operating point constant value, etc., the following
Consequently, with regard to the stator frame, the relationship H&earized transfer function results:
tween stator voltage, stator current, and stator flux at the terminals, | (s) = —x 1+ TS AP(S)
A, B, C in Fig. 1 is found to be SCac .
; ; d _ . ; ; ; —/ Ure
wli=Rel+ 2L with ¥ =Lol+ T (2) t ST S end($) +ux(5) )
: bg2 o [k
Manuscript received October 3, 1997; revised November 15, 1998. Abstridfith Tv = Lo[e)” ]0/[W7+/’_y]0v k= [wiylo/[uaclo, and S denotes
published on the Internet March 1, 1999. the complex Laplace variable. As can be seen from (9), the system
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Fig. 1. Structure of a three-phase bidirectional PWM rectifier system. In order to assure proper converter operation, it is necessary to plece inducto
between the bridge and the utility grid (terminals B, C' and «a, b, ¢, respectively).
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Fig. 2. Experimental results from a 10-kVA/650-Vdc insulated-gate-bipolar-transistor-based PWM-rectifier prototype operating at 5-kidg &wiciency.
(a) Line current, (b) dc-link voltage, and (c) load current during a fast transition from rectifying to inverting operation without load feedfwime
current, (e) dc-link voltage, and (f) load current during a fast transition from rectifying to inverting operation with load feedforward.
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Ill. FINAL REMARKS controllers [4]. A control structure in cascade form has been applied:

Conventionally, the analysis of PWM-rectifier systems has be@f inner loop to shape the line currents according to the desired
made by splitting the line current into components with respect fi¢ld-oriented components, the quadrature component being given

the grid voltage [2]. In this case, the angle of the voltage vector wifly @n outer de-link voltage control loop, together with feedforward
reference to a stationary frame,, where techniques to allow faster transient responses [2]. To perform line-

current regulation, the approach in [1] has been adopted. Fig. 2 shows

cos € :ugl/ /(u;l)Q + (U;z)? some experimental results.

sin € :71,22/\/ (ust)® + (ug?)® (10) APPENDIX
VECTOR DEFINITIONS

1 1/2 [uab}

0 V3/2 | Ltee

[1 —1/2 —1/2} UAK

gives the basis for the coordinate transformations. It is clear from (10)
that the disturbances superimposed onto the grid voltage influence )
directly the coordinate projections, therefore, they spread out through R ug! _
the entire control system. Hence, phase-locked loops (PLL'S) are g w2l
usually applied to track the voltage vector in a damped manner.
Consequently, the quality of the controlled system depends on how R ust | ,
effectively the PLL's have been designed to accomplish this task. T s 0 V3/2 —V3/2 ZBR
As shown previously, the angle; in (3) gives the basis for the OR
flux-oriented approach. Obviously;:, is less sensitive thae; to N 3/2 0 | [,
disturbances in the grid voltage, on account of the natural low-pass B2 V3/2 V3 st}
behavior of the integrators in (1) (becausth harmonics are reduced 3
by a factorl /n and the ripple related to the high-frequency transistagith
switching is strongly damped). For this reason, it is not necessary to
implement PLL'’s to achieve robustness in the flux-oriented scheme, tsa + tsp +15c = 0.
since¥; rotates much more smoothly thar. Therefore, it is easier
to obtainyf as compared te;. REFERENCES
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