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State Variable Decoupling and Power Flow Control

In PWM Current

-Source Redctifiers
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Abstract—Pulsewidth modulated (PWM) current-source rec-
tifiers (CSR), among other alternatives, offer marked improve-
ments over thyristor line-commutated rectifiers as a source of
variable dc power. Advantages include reduced line current
harmonic distortion and complete displacement power factor
control, including unity displacement power factor operation.
However, due to nonlinearities of the PWM-CSR model, their
control has usually been carried out using direct line current
control in a three-phase stationary frame @bg. This paper
proposes the application of a nonlinear control technique that
introduces more flexibility in the control of the rectifier and
results in a more straightforward approach to controller design.
The proposed technique is based on a nonlinear state variable
feedback approach in the rotating frame @qg). The approach
allows the independent control of the two components of the line
current (active and reactive) with the same dynamic performance,
regardless of the operating point. The control strategy also
eliminates the need for input damping resistors and rejects the
effect of supply voltage variations. Furthermore, a space vector
modulation (SVM) technique is used to maximize the supply
voltage utilization. This paper includes a complete formulation
of the system equations and a controller design procedure. Ex-
perimental results on a 2-kVA digital-signal-processor-controlled
prototype confirm the validity of theoretical considerations.

Index Terms— Current-source rectifier, decoupled control,
dq rotating frame, input—output linearization, on-line control,
pulsewidth modulated, space vector.

HE use of line-commutated thyristor rectifiers as fron
end ac/dc converters presents a number of drawbacks

INTRODUCTION

cluding poor power factor and high-input current harmonic dis-
tortion. Pulsewidth modulated current-source rectifiers (PW!\E
CSR’s), among other alternatives, offer a solution to thes
drawbacks. In such rectifiers, a smoothing reactor is placé

on the dc side and ah( filter is inserted on the ac side to . . o
Wl(l/i'at active damping can be readily implemented by means

eOJ state variable feedback. Finally, [8] presents a simple

reduce the current harmonic injection resulting from the P
operation. Direct interfacing with the ac mains often requir

stringent specifications. They include high-input displaceme?]

~1) and low input current distortion factor (DF: rms current
harmonic content to rms fundamental current component;
ideally, ~0). If the supply voltages are sinusoidal and both
requirements are met, unity input power factor is achieved.

In conventional control schemes, the PWM-CSR has been
operated with off-line patterns [1]-[2], which simplifies the
compliance of the gating signals with the special requirements
of switches in current-source (CS) converters (shorting pulses
and overlaps). On the other hand, the presence oflthe
input filter results in a load-dependent input DPF and may
produce transient oscillations [3]. Although oscillations can
be attenuated by adding damping resistors, these reduce the
overall conversion efficiency.

To overcome the above drawbacks, several control strategies
that operate the rectifier by means of on-line current control
have been proposed in [4]-[8]. The main goals have been
to keep unity DPF, to reduce the value of the damping
resistors, and to regulate either the dc voltage or the dc current.
References [4] and [5] propose solutions that meet the main
requirements by using state variable feedback compensation
in the stationaryzbc frame, where the gating signals are suc-
cessfully generated by using carrier-based analog modulating
techniques. However, both control schemes allow only unity
DPF operation and do not provide a means of controlling
independently the reactive power. On the other hand, the suc-
cess of the line current control loop implementation assumes
tl-ll?]e_lt the input filter components valué§; and L; in Fig. 1)
are known and time invariant, conditions that do not hold in

ost practical implementations. Reference [6] compensates for
e input DPF by using a linear approximation; however, the
€ . . o

alysis and design assume a 100-kHz switching frequency,

a
which limits it to low-power applications. Reference [7] shows

Qd low-cost approach (it uses standard analog and digital

power factor (DPF: cosine of the angle between the Suprﬁg}ectronics) to achieve near unity DPF; however, the carrier-

voltage and the fundamental line current component; idealRﬁsed sinusoidal pulsew!(jth modulatlon (SPWM) techmque
presents low voltage utilization, the control strategy still
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Fig. 1. PWM-CSR.

This paper proposes a control method based on a nawis as a current source to the PWM-CSR. Fig. 1 also shows
linear state variable feedback approach that introduces mthne DSP-based setup used to implement the control strategy.
flexibility in the control of the PWM-CSR and a more straight- The magnitude of ., C;, and L; depend upon the permis-
forward approach to controller design [13], [14]. The nonlineaible dc-link current ripple, input capacitor voltage ripple, and
technique has already been applied and has demonstratedhigsresonant frequency, respectively. They also depend upon
superiority in PWM voltage-source rectifiers [14]. Specificallythe sample frequency of the PWM-CSR. Section VI presents
it consists of linearizing thelq state variable model of the complete design guidelines for these passive components.
system, decoupling, and controlling independently the direct
(active power) and the quadrature (reactive power) line current
components. Also, the SVM technique is used to generate
the switching pattern. The following improved features are
obtained: 1) independent control of the active and reactife Equivalent Model in the Stationary abc Frame
power components; 2) inherent input filter damping (provided an equivalent single-phase circuit for the ac supply, input
by the state variable feedback compensation loop); 3) faffer, and PWM-CSR and the dc equivalent circuit are shown
transient response (limited only by the digital system sampling Fig. 2. The dc voltagév,.) and ac PWM-CSR line currents
time); and 4) high supply voltage utilization and reduce(f{ii]abc = [isa ia c]T) are given by
switching frequency.

. PWM-CSR MODELING

This paper includes the complete analysis and the design Ve = Gac[m] Ly [Velave 1)
procedure of the proposed control strategy based on a non- liilabe = G [m]abeia 2)

linear state variable feedback approach. Experimental results
on a 2-kVA digital-signal-processor (DSP)-based IaboratowhereG is the ac gain of the PWM techniqu@.. = 1
prototype are also included to confirm the feasibility of the "\ Sa{:/M) and[mlose = [ma mp m.]7 is the moaculating
proposed control scheme. vector (input variables).
Each phase of the circuit is modeled by using the state
Il. POWER TOPOLOGY variable approach and, thereby, by using (1) and (2), the model

The complete power circuit, shown in Fig. 1, is composed 8f the system (Fig. 2) in thebc frame becomes
a three-phase PWM-CSR, a dc-link reaqtby,), and a three-

phase second-order input filtek;, C;). The main function of i[is]abc = _i[vc]abc + i[vs]abc (3)
the PWM-CSR is to regulate the level of the dc-link current dt Li L

(iqc) by adju_stin_g_the PWM-CSR dc-Iin_k bus voltageq.). i[vc]abc — i[is]abc _ iGaC[m]abcidc (4)
The harmonics injected into the ac mains by the PWM-CSR dt Ci Ci

operation are minimized by theC' input filter. The dc-link iid _ LG [m]%,.[vc]ese — ﬂid )
reactor(Lq.) smoothes the dc-link currefit;.) and, therefore, dt * 7 Ly ot eberee T L <
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[is] abc Li and 0
e e Y\ _ —w ]
iy
+ + By expanding thedq model (6)—(8) into its components
@ A C. =] 4 <{> ;] e yields
- - d . . 1
%'Lsd =Wisq — L_iUCd + L_iUSd (9)
d. . 1 1
(@) %'qu = —Wilsd — fch + fvsq (10)
_ 1. 1 .
lf de %Ucd = Wlc¢q + aZSd - aGachcmd (ll)
> AN d 1. 1 .
%ch = —Wueq + azsq - aGac'demq (12)
d 31 R
+ v R % —q _ — i/ .
<_> de de 0t tdc 2 Lue Gac(mdvcd + mqch) Lac tdc (13)
The resulting model (9)—(13) represents a multiple-input
multiple-output (MIMO) type of system. The inputs are

the modulating variablegémg, m,), and the outputs are the
quadrature i, reactive power) and the dire¢i,y, active
power) components of the supply current. Note that unity
DPF is a special case (whép, = 0, if a dg rotating frame

(b)
Fig. 2. PWM-CSR model in the abc frame. (a) AC side. (b) DC side.

Where [is]ape = [isa isb Gse)ls [Velabe = [Vea Veb vee]t, Synchronized with the supply voltages is assumed) and that
and 4. are the state variables. The supply voltage vecttre dc side of the rectifier can be considered as a current
[Uslabe = [Usa s vsc]? is the perturbation variable. source with a value equal tQ,.

The dq transformation is valid under steady-state and dy- Furthermore, thedg model of the PWM-CSR, (9)—(13),
namic conditions [6]. In thelg frame and under steady-stateshows that the system is nonlinear [(11)—(13) contain mul-
conditions, all state variables become dc quantities. Standéipdication of the input variables and the state variables] and
integral (I) and proportional integral (PI) controllers cangoupled (for instance, (13) shows that the dc current depends
therefore, be used to reduce the steady-state error to zero. pen both input variables). Thus, to decouple and linearize
dc-loop feature also simplifies the design of the controlletse model, an input—output linearization method is proposed
used to meet transient requirements (i.e., overshoot and sett{ihg]-[15]. This method provides a nonlinear transformation
time). In addition, the control in thelg frame reduces the that is straightforward to derive. It is, therefore, preferred over
number of controllers from three (in théc frame) to two. input-state linearization, an alternative method of linearization
Finally, thed and ¢ components are directly associated withvhich is more involved and requires a larger amount of
real and reactive power components, thus simplifying theathematical derivations. Moreover, this strategy, unlike a
power flow control. small signal model approach, allows the decoupled control
of the state variables with the same dynamic performance,
B. Equivalent Model in the Rotatingy Frame regardless of the operating point (dc current level).

supply is assumed, hence, the state variables only thanelq

components, the zero-sequence component being equal to Z&rnpyt—Output Linearization and Decoupling
Thus, thedq transformation of the model inbc coordinates

(3)-(5) yields The method in [15] differentiates the output variables as

many times as necessary, until one or more input variables
appear explicitly. Then, the input variables are designed to

d . i . o
%[is]dq + Wlislag = —%[vc]dq + %[vs]dq (6) linearize and decouple the system dynamics,dfis differen-
J 1 B 1 B tiated once, (9) is obtained, which does not contain any input.
—[velag + Wvelag = = lislag — = Gac[m]agiac (7) Therefore, it is differentiated again and, by using (10) and
dt ; g , & " (11), yields

—ide = = = Gac[m]h [velag — = ige (8) P2 . w W

dt 2 de de @'Lsd = —'Lsd(w + w,,) - L_ich + L—ivsq

1
where[vs]ug = [Usa vsq]* (SUpplydg voltage vector)[is]q, = + W2 Gacigema + TR (14)

[isq isq)” (supplydg line current vector)[ve]ag = [Ved Vo]
(capacitordg voltage vector)[m]q, = [mq my|? (input dg wherew, = 1/4/C;L; is the resonant angular frequency of
vector),w is the supply angular frequen¢y = 2760 ~ 377), the input filter.
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Since (14) contains the inputy, the differentiation process the linearization, damping, decoupling, and rejection of supply
applied toi,4 stops here. The same procedure is applied Woltage variations.

tsq, Which yields On the other hand, the actual implementation of (18) re-
o quires the differential of th€ andq component of the supply
Ly (W) w | | ice, since th ly vol ignals h

—iaq = —isg(w” + W) + T Ved — —Vsd voltages. In practice, since the supply voltage signals have

dt Li Li superimposed noise, they are filtered by means of analog

+ W Gactacmy + iivsq_ (15) filters (cutoff frequency of about 10 kHz), then sampled, and
L; dt finally numerically differentiated. Note th#t(¢) in (18) can be

Equations (14) and (15) can be written in a matrix format dgplemented using the sampled state variables (17) and, thus,
the differential of the supply line currents are not required.

X(t) = A(t) - [m]ag + B(2) (16)  The last step of the method is to analyze the stability of the
) ) ) internal dynamics.Since the method requires differentiating
— 2 2y, 2 2y, t _ 2,
where X(t) = [(d/dt")isq (d°/dt")isgl’, A(t) = Gacwyiae, isq¢ and iz, twice, thetotal relative degreeof the system is

and four [15]. Therefore, there is just orieternal dynamicgthe
—igq(w? + w?) — 2_wch + ivsq + iivsd one as_sociated withy, ) t(_) b_e tested for stab_ility (since the
B(t) = 2Lz L; le cglt ~dimension of the system is five). The Appendix shows that
—isq(wW? + w2 + —wvcd - ivsd + gy is always bounded in the PWM-CSR operating region (Section
L; L; L dt V). Thus, the control law yields a stable closed-loop system.
The second step of the input—output linearization method isThus, the direct and quadrature line currents can be inde-
to force X(¢) to be of the linear and decoupled form: pendently controlled by means af; and u,, respectively,
and with the same dynamic performance in the PWM-CSR
X(t) =D - [ulqq + F(t) (17)  operating region.
where D and F(t) are conveniently defined as ] o
B. Dynamic Response Optimization
D :kf’ d Since the resulting system model in (17) is linear, the
—ky—igy — ko — isq Laplace transform is used to continue the analysis and design.
F(t) = dtd Thus, the model in (17) can be expanded and written as
[ R gyisg — F2isg follows:
r k k
—klwisq + L_lv(:d _ L_lvsd _ insd Isd(s) _ IS(I(S) _ k'? (19)
= kli kli . Ua(s) Ug(s) s2+ski+ko
kiwisq + T Veq — 7 Vsqg — /fgisq
L L; L; whereI,4(s), I4(s), Uq(s), and U,(s) are the Laplace trans-

Also, [u]4, is a Nnewdq set of input variables, ank, andk, fOrMS Of ésa,isq; ua, @nd 1wy, respectively.
are arbitrary positive gains used for pole placement. The Laplace transform of the model in (19) shows that zero
The existence of the linear and decoupled form (17) is coptéady-state error in both current loops should be expected.

ditioned to the existence of theput transformation([m]4, as TN is valid as long as thenput transformation(18) is
a function of[u],, ). The expression of thieput transformation computed accurately, which assumes knowing the exact value

is obtained by equalizing (16) and (17). Hence, of w, or L, and C;. These values are usually available as
approximations, therefore, zero steady-state error is not totally
[m]ag =A™ (2) - (D[ulgq + F(t) — B(t)) assured. In order to achieve this, it is proposed to add two
—ky da iog — Kvie external integrators to force the steady-state error to zero, even
1 ug d for inaccu.rate values of’; and Li.. _
= m ko {UJ + —/ﬁ%isq — kgisg By _addmg a feedback qup with an integrat@r/s7yc),
NI e the direct and quadrature line current closed-loop transfer
linearization damping functions become (Fig. 3):
. 9 9y 2w w 1
—isq(w +wr)_L_ivC(1+L_iUS(I+L_i£USd Lsa(s) _ IS(I(S) _ k2/Tac (20)
- _isq(w2+wz)2L—chd! —!Livsd! +Li%v5q . Ligret(s)  ILsgret(s) 83+ 82ky + sko + ko /Tc
N —— The optimum third-order transfer function based on the itae
decoupling voltage rejection (18) criterion [16] is

. . (7.54/t5)°
The expression for the modulating vector (18) shows one— — 5 — — 5 (21)
possible singularityiq. = 0). Under this condition, thénput 52+ LT5(T.54/t)5% + 215(7.54/8: s + (T-54/1)
transformationis not defined and, thereby, the method cannetheret, is the design settling time for a 2% band.
be applied. However, although. = 0 could be achieved Thus, if¢, . is the desired settling time and the actual total
during transient conditions, it is not a normal operation modmodel of the system (20) is equalized to the optimum third-
Equation (18) also shows the different terms that contribute ¢oder transfer function (21), the expressions kgt k., and
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V. PWM-CSR (PERATING REGION P v P
The power topology and control strategy restrict the maxi- g N |

't . 0 " unity pf. <
mum and minimum steady-state values of the state variables e ,typ

and, thereby, the limits for the set-point references. For in-
stance, due to the nature of the power circuit topology, the

dc current is always positive; also, it will be shown that the

1agging p.f.

guadrature line current range depends upon the actual dc cur- S05 1 Md2 + Mgz 1 7

rent. Thus, to avoid setting the converter on an unachievable | | | | |

operating point, the operating region of the PWM-CSR is

derived. 020 040 060  0.80 1o Iy
In order to find the steady-state operating region, the left- 0 0.04 016 036  0.64 10 I

hand side of the model g coordlna.tes (9)_(13) are S.et equa]Li . 4. Normalized operating region of the PWM-CSR (dc-link curfént )
to zero and then solved systematically. The resulting set dsus quadrature line curreft) for C; = 50 mF, L; = 3 mH, Ry, = 20
variables are dc quantities and are designated by capital lett&sand G.. = 1).

Assuming thedq transformation is synchronized with the
supply voltage V;, = 0), the resulting normalized expressions

. . can finally write
as a function of the inputéM,, M) are as follows: y

2
e =GuMaL2 p 23) 0<My<1, -1<M,<1. (29)
(Gac Md-;\zd Xeif2, + f2, - Df2, The_range; expressed in (29) define the boun(_ja_ry of the
Isq = XeiFom = 12(fom +1)2 p.u.  (24) operating region and, thereby, the maximum and minimum set
cildrn " points for both direct and quadrature line current references.
Ig=G2, rn (Mg)? p.u. (25) A graphical interpretation for the operating region is given in
(frn = 12(frn +1)? Fig. 4. From Fig. 4 and (23)—(29), it can be concluded that:

2 . . .
Vi — G2 Xy " (M)? pu. (26) 1) the range of the quadrature line current is restricted by

(fon = 1)2(frn +1)2 the actual value of the dc current (Fig. 4), noting that the
(GaeMyM Xci + f2, — 1)f2, maximum range is given whell; = 0.707; 2) the maximum
Vea = X, — 12 1)2 p.u. (27) dc current (23) is proportional to the ac gain of the modulating
Cz(frn ) (f1n+ ) . .
technique(G,.) and independent of the resonant frequency of
where f,, = wr/w, Viase = Vids Ivase = 3Vsa/(2Rac), @nd  the input filter(¥,,) for f., > 1; and 3) unity DPRI,, = 0
Xc; is the per unit (p.u.) capacitor reactance. in Fig. 4) can be achieved within a limited range of the dc-
The inputs}, and M, are bounded. This comes from th&jnk current(Zye ,m < Iye < Iac.n, Fig. 4). In order to find the
fe_lct thgt, in order to |nJr-_JctI|ne curren(@i]abc_, Fig. 1) without  §c.link current range, which allows unity DPF,, > 1 is
distortion, the modulating vectdn.,, m g, Fig. 3) must have assumed and (24) is equated to zero. Thus, from (23), the
a magnitude lower than or equal to one. This restriction in thgaximum dc-link current for unity DPF i&. 1 = 1 and the
dq frame can be expressed as minimum, Iy m, is given by ’

(M)? + (Mg)? < 1. (28)

On the other hand, since the power topology (Fig. 1) can r, ~_ @ 1-V1-4/(GacXci)? p.u. (30)
only provide positive dc currents, by using (23) and (28), one ’ 2
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(Ave; = keiVeq). The worst case design is when all cur-
Gote My T ~1.73 Vg rent harmonics([¢;]as.) are absorbed by the ac capacitor
{1 — Ton d [Fig. 5(b)]. This condition assumes that the frequencies of
_b\q“ the harmonics injected by the PWM operation of the CSR
4 are higher than the resonant frequency of the input filter
Vic (N > frn). Thus, the voltage ripple is given by
AUCi = % d(t)Tsam = kCi‘/Sd- (33)
1ms 2ms : 3ms 4ms Although d(t) is a function of time [Fig. 5(b)], the worst
@ case ripple corresponds t{¢) = 0.5. Thus, by using (23)
and (33), assuming?, > 1 and maximum dc current (worst
case), the normalized ac capacitor reactance is given by

I Lig ‘
. ”“’ de ‘l —l/ X = kciN o (34)
v
0 Finally, the ac inductofL;) is calculated using a desired

— T — —> [ normalized resonant frequency for the input filg¥.,,). The

i aomr,, resonant frequencyf,,) is usually chosen lower than half

‘ of the normalized sample frequen€/) and higher than low

r . . . . . frequencies due to transient overmodulation (fifth, seventh).
Ims 2ms 3ms 4ms  Thus, the reactance is given by

(b)
. . o . Xpi=Xci/ 2 pu (35)
Fig. 5. Approximated CSR waveforms for filtering component design pur-
poses. (a) DC-bus voltage (vdc). (b) AC line current (phasg,, ).

VII. EXPERIMENTAL RESULTS

VI. DESIGN GUIDELINES FOR FILTERING COMPONENTS A. Power Topology and Control Scheme Description

In order to simplify the design aLqc andC;, @ maximum 0 oower topology and proposed control strategy have
pea_k—to—peak npp_le crlterl_on is used. On the other hemds_ been implemented on a 2-kVA laboratory prototype unit to
designed to obtain a desired resonant frequency of the mp,léhfy feasibility (Fig. 1). A digital system based on the
ac filter. Thus_, itis possible to avoid any resonance due 10 h&15320c30 DSP microprocessor has been used to implement
PWM operation of the_ CSR (harmonics arouNd 2, -+, yq control strategy. The digital system uses a 32-channel A/D
whergN is the nqrmal!zed sample frequency), and nOnCh"’\Sbard to sample the required state variables. The main board
acteristic harmonics (fifth, seve_nth-,)_due 10 Instantaneous g, o o\ tes the control algorithm and also performs other tasks,
saturation of t_he controllers, which yields overmodu_latmn. such as an on-line communication with a user interface, which

_The approximated PWM-CSR dc-bus voltage) is de- ng on 4 pc platform. Thus, the references and controller
picted in Fig. 5(a). The design of the.dc-lmk mduc_tor 1S donﬁ rameters can be externally on-line entered and/or modified
to assure a small peak-to-peak dc-link current (i.e., 20% R?perform transient and/or static tests. The gating signals

the nominal dc-link current). Hence, if the voltage harmonic;&:r sent to the drivers through the serial port of the DSP
injected from the load side are neglected (as in the Caserf?i?croprocessor.

resistive or dc-drive loads), the peak-to-peak dc curfévl.) The gating signals are digitally generated using the SVM
can be expressed by technique. This technique is preferred, due to its high supply
. V3V voltage utilization (ac gain equal to 1), reduced switching

Aige = T GacMyTiam = kraclac (31) frequency (equal to one half of the sample frequency), and
straightforward implementation in digital systems [11]. The

whereGyc is the dc gain of the modulating techniqU&4. = technique selects three switching combinations of the con-

0.866, for the SVM), Teay, is the sample period of the SV verter and their respective on times every sample time. The
(= 1/(fsN)), /s is the supply frequency/f, = 60 Hz), and selection and on-time calculations are based upon the input
krac is a constant to fix the permissible dc current ripplghodulation variablesn, and mgs (Fig. 3). The switching

(krac = 0.20 p.u.). combinations are then sequentially applied to the PWM-CSR
By using (23) and (31) and assuminff, > 1, the [9]. The technique can also readily include the shorting pulses
normalized dc inductor reactance is given by that are needed when zero line currents at the ac(§ige,.)
2:v3 G of the PWM-CSR are required.
u dc

Xrde =

N G (32) Leading DPF is obtained by setting, .. = 3 A and

Lde ac isaret = 4 A (Fig. 7). The input line currentis,) is leading

The ac capacitofC;) is designed to meet a given peakthe supply phase voltage by approximately éig. 7(a)]. The
to-peak voltage ripple requirement across the input capacitorerall input power factor was 0.795 leading.



84 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 45, NO. 1, FEBRUARY 1998

200
‘)Sa lsa
0 i lﬂ | | %‘
-200 r v Y Y v T
0Os Sms 10ms 15ms 20ms 25ms 30ms
@
200
/ Vea Jiia
. L il i
‘ullu\v“u' T
-200 T Y T T T ~—
Os Sms 10ms 15ms 20ms 25ms 30ms
(b)
375
Vdc l
250 1

I"

gl 1{[1![1[!!![' i mﬁ\ymmm\mwlm R

Os 10ms 15ms 20ms 25ms 30ms
()

10

Os Sms 10ms 15ms 20ms 25ms 30ms

(d)

Fig. 6. PWM-CSR unity DPF operating modé,q ..t = 4 A, i = 0), experimental waveforms (see Fig. 1). (a) Supply voltage,) and supply
current (10 is,). (b) Capacitor voltag€v..) and ac CSR currentl0 ¢;,). (c) CSR dc-bus voltagévy.) and dc-link bus current10 éy.). (d) ¢ and
d line current reference$i, vef,isd,rr) and ¢ and d actual line currentgisq, isq)-

B. Filter Components and Controller Parameters Design  Thus, by using (22)k; = 2.639 k, ks = 4.892 M, and
The minimum sample time in this setup is 185. There- Tac = 1.425 m.

fore, a sample frequency of 5040 Hz (sample period of&)8  The selection oLy, C;, andLL; is done by following the de-

is chosen(N = 84). Both d and ¢ line current controllers sign guidelines provided in Section VI. Thus, assunkfg. =

are designed to achieve a 5-ms settling tifthg,. = 5 ms). 0.20(= 20% peak-to-peak current ripple under the worst
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Fig. 7. PWM-CSR leading DPF operating mog ;. = 4 A, isq.rer = 3 A, power factor= 0.8), experimental waveforms (see Fig. 1). (a) Supply
phase voltagév,,) and supply current10 i, ). (b) CSR dc-bus voltagév,.) and dc-link bus current10 g ).

10
04
Os Sms 10ms 15ms 20ms 25ms 30ms
(@)
10

Os Sms 10ms 15ms 20ms 25ms 30ms
(b)

Fig. 8. PWM-CSR transient operating mode (from unity to leading DPF), experimental waveforms (see Fig.dlyefajence(isq ;) andd actual
line current(i;q). (b) ¢ reference(is, o) and ¢ actual line current(isy).

conditions), (32) yieldsX 4. = 0.583 Q pu (L4 = 18.04 in the experimental tests ate,. = 18 mH, C; = 50 nF, and
mH). If kc; = 0.20(= 20% peak-to-peak voltage ripple underl; = 3 mH.

the worst conditions), (34) yieldX¢; = 5.347 p.u(C; =

42.52 pF). Finally, the resonant frequency is chosen equal ©. Experimental Waveforms

nine (f.n = 9), thus, (35) yieldsXz; = 0.066 Q p.u(L; = Unity DPF is achieved by setting, et = 0 (isqrer = 4 A,
2.04 mH). Due to practical limitations, the actual values uselig. 6) since thelq rotating frame is synchronized with the ac
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d2i +i (w2+w2)+2wv “ v L dv
1 | gted Tisd P) T Ved = T Va7 T gy Ve
[mlag = 55— 4, Li Li Li dt (A2)
acrtde | & g (W? + w2) = g+ g —
dtQ sq sq T Lz c Lz s Lz dt 5q

mains. The supply line curreiit,, ) is in phase with the phase On the other hand, the modulating vectdn.|q,) given by
voltage [Fig. 6(a)]. However, a small distortion is observed iflL8) can be written, using (19), as (A2), at the top of the page.
the line curren{<3%), which results in a overall input power The internal dynamicgAl) is stable if the dc-link current
factor equal to 0.972. The CSR ac curréiy,) and dc-bus (z4.) is bounded for any arbitrary but bounded modulating
voltage(vq.) are of the PWM type [Fig. 6(b) and (c)], due tovector ([m]4,). However, there is an intrinsic property of
the use of the SVM technique. Thus, the distortion introducetbnlinear systems of considering thrgernal dynamicavhen

on the load and supply system is minimized. Battand ¢ the control inputdu]4, are such that the outputis]q,) are
actual current components are equal to the references, hemeaintained constant (i.€[4.]q4q = [Ls]aq) [15]. Consequently,
unity DPF is achieved [Fig. 6(d)]. It should be noted that thetbeir time derivatives are also zero. Under these circumstances,
is a fair amount of noise, both radiated and conducted, intlee capacitor voltages are also constant (j:&]qq = [Vz]dq)-
power converter environment. It may, therefore, be difficuthus, the modulating vectdfr]q, can be written as

to record clean signals. However, measuring voltages directly 9% w
. L. . . 2 2
across capacitors minimizes noise pickup. 1 Lg(w® +wi) + —Vog — Vi
. ; - _ L; L;
Finally, a step increase i, s att =13 ms (from 0to 3 [mlag = = 2 s g 2w w
A), while i,4.er is set at 4 A, illustrates key dynamic features. acrlde | Voo (w? +w;) — 7, Ve + L—iVSd
Fig. 8 shows thel and ¢ line current references and actual 1[I,
values. It can be seen that tdecomponent is not modified =G {I } (A3)
aclac q

during the transient [Fig. 8(a)]. This confirms the decoupling
and independent control of the active and reactive power. TWaerel; and I, are constants introduced to simplify the rest
settling time is found to be approximately 5 ms [Fig. 8(b)Jef the analysis. Replacing (A3) into (A1), we obtain

which confirms the validity of the design guidelines of the d 1 3 Ry .

line current component controllers. The results all indicate %Idc = JE(VCdId + Vegly) — Ty e (A4)
that the damping resistors on the input filter are no longer €T ¢

necessary. The required damping is supplied by the stateBy definingr = i3_, replacing it into (A4), and solving the
variable feedback compensation. Similar tests were done fesulting first-order differential equation, it is found that
different operating points and they all showed similar transient
responses, which confirms full linearization obtained through =
the input transformation.

sty Veala+ Vel )(1 = 31090 145,(0). (AS)
Since iq. = +/r, the expression for the dc-link current
becomes
Simple and direct on-line control of a current-source rec- 3
tifier is designed to regulate the ac line currents directly ingc = \/F(Vcdld + Veglg) (1 — e(=2Rac/Lac)t) 432 (0).
the stationaryabc frame. This paper has demonstrated the de (A6)
superiority of the proposed control technique, which features

the following: 1) control in a rotatingg frame; 2) adecoupling  The expression for iyc (A6) is bounded, since
betweend and ¢ components; and 3) the use of a nonlineatky,(—2R,./Lq4.t) always converge. Therefore, thieternal
transformation to linearize the model. Furthermore, the uggnamicss said to be locally asymptotically stable [15]. Note
of DSP hardware and software greatly simplifies the implenat the load has been modeled by a resisigr. The analysis

mentation of the proposed control technique. It also allows include active loads is beyond the scope of this paper.
integration of control functions and PWM pattern generation.
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