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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Current-limiting Three-phase Rectifiers

Qing-Chang Zhong, Fellow, IEEE, and George C. Konstantopoulos, Member, IEEE

Abstract—In this paper, a nonlinear controller is pro-
posed for a three-phase rectifier so that its input current
does not exceed a given limit. At the same time, the pro-
posed controller can achieve accurate dc output voltage
regulation and reactive power control independently from
system parameters including the load during the normal
operation. Using the generic  dq transformation and the
nonlinear model of the rectifier, the boundedness and the
current-limiting property of the closed-loop system are
proven using Lyapunov methods and the input-to-state
stability theory. Moreover, an analytic framework for select-
ing the controller parameters is presented and the current
limitation is proven for both the cases with L and LCL
filters at the input of the rectifier. Different from existing
approaches, the current-limiting property is achieved with-
out external limiters, monitoring devices or switches and is
incorporated in the control dynamics, independently from
the type of the load (linear or nonlinear). Extensive real-time
simulation results are provided to verify the effectiveness
of the proposed strategy.

Index Terms—Three-phase rectifier, nonlinear control,
current-limiting property, stability.

I. INTRODUCTION

Proportional-Integral (PI) controller for achieving thesited
unity power factor and a cascaded PI controller for regudati
the dc output voltage [7]-[10]. The inner loop is often regld
with hysteresis controllers, especially in virtual-fluaded
control methods [11], [12], while intelligent control meiis
have been also proposed to improve the rectifier's perfocaan
[13], [14]. Recently, direct power control has been apptied
three-phase rectifiers which is based on a predefined look-up
table, but apart from its simple structure, it often produlcigh
power ripples and introduces a variable switching frequenc
[15], [16]. Although traditional control methods may retsinl
a stable system using small-signal modeling or by consideri
several assumptions [17], [18], most of the above methods
lack of rigorous nonlinear stability proof for the closexbp
system, which is of major importance in smart grids. Since
the three-phase rectifiers are inherently nonlinear systéme
nonlinear closed-loop stability is often difficult to prove
Based on the nonlinear dynamic model of the rectifier,
passivity-based [19], [20] and advanced nonlinear coleis)|
mainly based on feedback linearization [21]-[23], havenbee
proposed to guarantee asymptotic performance. Howewer, th
resulting control scheme is often complicated, difficult to

HE AC/DC power converters are widely used in thémplement and depends on most of the system parameters,
integration of renewable energy systems, energy storaes reducing the applicability of these methods in practic
systems, and loads to the smart grid [1]-[3]. Single-phadéoreover, the stability of three-phase rectifiers shoulsbal
or three-phase power converters are usually controlledgusiconsider the physical limitations of the converter. Formegke,
pulse-width-modulated (PWM) methods to achieve accurate the grid current and consequently the dc output voltageldhou

bus voltage regulation, power factor correction, bi-dital

be maintained below some given values, since externalreistu

power flow and low harmonic distortion of the grid currenbances or undesired oscillations during transients camataesc

[4], [5]-

trophic for converters [24], [25]. Although some nonlinear

Particularly for three-phase rectifiers, various conteaht controllers with a proven stability bound have been designe
niques have been proposed to achieve dc output voltdg€], [27], a given limit for the grid current below a specific
regulation and unity power factor operation. Although iwalue is still not guaranteed. The current-limiting prdpes
most applications, the unity power factor is expected, modecrucial to maintain a stable and reliable operation of fiect
control technologies for rectifiers dictate a need for fléikjp during transients, since high currents can damage the elevic
in controlling the reactive power, especially in microgedd and the load. A current-limiting method for single-phase

smart-grid applications [1], [6]. Using the voltage-ottiet

rectifiers or inverters has been recently reported in [2Z89)],[

control approach and the Park transformation, traditionblt the concept cannot be directly extended to three-phase
control methods have been designed to include a singgstifiers using thelg modeling, mainly due to the coupling
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between thed and ¢ components and the different model
description. Although the traditional control methodsdzhsn
single and cascaded control can be equipped with additional
limiters and saturation units to achieve a current-lingtin
function, they suffer from integrator windup and instétili
[30], [31]. These approaches require anti-windup techesqu
which further complicate the system and consequently the
stability analysis. Particularly, traditional anti-wimg methods
lack of a rigorous stability analysis, while modern antiadiip
techniques require knowledge of the system parameters [32]
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under changes of the load and the reactive power for both a
’S_E}D &E&D .’&E}D g resistive load and a power converter-fed load.

‘ } ’ Overall, the proposed controller introduces significariit di
] + ferences compared to existing current-limiting strategiea-
ditional current-limiting controllers which consist of ats
uration unit in the reference of the inner current controlle
result in the following: i) only the reference current is ifed,
< which means that the actual current can violate the limitradur
S S. S. a transient, ii) saturation can lead to integrator windup fo

D, D, D,

rﬁ} '_LKHE ’_{1} the outer loop controller (voltage or power controller) and
consequently to continuous oscillations and instabil@@]]
[31]. The proposed controller does not require a saturation
unit, current-limitation is guaranteed using nonlineabgity

theory which leads to a limit of the current during transéent

[33]. In addition, traditional current-limiting approaghapply and it does not suffer from integrator windup or instability
the saturation unit at the output of the outer loop which

guarantees a limit for the reference value of the current but Il. SYSTEM MODELING
not for the transient response. The main goal of this paper i

to design a controller for a three-phase rectifier that nadist A o - i :
) ) e . .as shown in Fig. 1. Initially a resistive load;, is considered
the grid current below a given limit at all times (even durin

transients), achieves dc output voltage regulation andepo 9t the output of the rectifier but later the analysis is exéehd

. V¥o more complicated power converter-fed loads. The rectifie
factor control, acts independently from system paramgeteics ) A . "
: o consists of a boosting inductok, with a small parasitic
guarantees nonlinear closed-loop stability.

) ] ' ) resistancer; in series for each phase, a dc output capacitor
To this end, the generic nonlinear dynamic model of the 5n4 6 controllable switching elements which are capable of
three-phase rectifier is firstly obtained. Initially, a B# onqycting current and power in both directions and operate

load is considered at the output of the rectifier for simplici using PWM. The input voltages and currents of the rectifier
but later the results are extended to power converter-fadslo expressed as andi;, i = a, b, ¢, respectively, while the

which are commonly found in a smart grid. Although almost iyt dc voltage is denoted &.. The rectifier is supplied
al] applications the axis of the stat|onary.fran".|e is onentedby a three-phase balanced grid with
with the phases of the grid voltage [1], in this paper, the
genericaf transformation is used, which offers a significant g = V2Ups cos 0
advantage in the proposed control design. Based on theigener Uy = V2Uy s cos (0 — 120°)
synchronously rotatinglq nonlinear model of the converter, o
a parameter-free current-limiting nonlinear controllsrpiro- te = V2Urms cos (0 +120°),
posed and analyzed with the Lyapunov methods, motivat@there U,,,, is the RMS grid voltage and = wt, with w
by the recently proposed bounded integral controller in.[34being the grid frequency.
It introduces bounded dynamic virtual resistances indhe In order to obtain the dynamic model of the system, the
dynamics of the input current, which leads to a current kahit average system analysis [19] and tlig transformation [1]
by a given maximum value for the three-phase rectifier. Th@in be used for the three-phase voltages and currents. Here,
current-limiting property of the controller is indepentlefthe the generica3 transformation [36] with
Illter mductor.,'the dc capacﬂqr.and the 'Ioad. Using the tapu €080 €08 (B — 120°) s (6 +120°)
o-state stability theory [35], it is analytically provehat the . . .

wg == | sinf, sin(6, —120°) sin (6, + 120°)
closed-loopdq current responses are bounded and the root- 3 0.5 0.5 0.5
mean-square (RMS) value of the input current is always kept ’ ' ’
below a given limit. The current limitation is achieved witht s firstly applied to transform the 3-phagéc frame to the sta-
removing the coupling terms in thég current dynamics. tionary a8 frame, wherdl,, is the angle between theand«
This operation is achieved without additional switches @xes. Then, the,s frame is transformed to the synchronously
monitoring devices and the proposed controller remainsreiatingdg frame using the rotating transformation with
continuous-time dynamical system that facilitates th&ikta
analysis. Since modern power networks require a flexibility Taq =
in controlling the reactive power and not necessarily achie
unity power factor [1], the proposed controller is proven twheref, denotes the angle between thandd axes, as shown
guarantee accurate reactive power regulation as well. e cin Fig. 2. Note that in Fig. 2, all the anglés ¢, and{,, are
with an LCL filter is also investigated and the propose@alculated clockwise. Therefore, thieand ¢ components of
controller is slightly modified to guarantee that even irsthithe grid voltages are
case, the input current remain_s Iimitedi and _the cI.osed—Ioop Uy = v2U,,,. cos (0, — (60— 0.))
system remains stable. Extensive real-time simulationlises )
are provided to verify the effectiveness of the proposecoubt U, = V2U, s sin (0, —(0—6,)).

vll

Yo VT C

load

%)

Fig. 1. The three-phase rectifier under investigation

SThe system under consideration is a three-phase rectifier,

costl, —sinf,
sinf, cosf,

)
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Ill. THE PROPOSED NONLINEAR CONTROLLER

A. Controller design

The basic idea of the proposed nonlinear controller is to op-
erate the rectifier as a system with variable virtual restsa
wq and wy in the d- and g-axes, respectively, that change
dynamically within given ranges. To this end, the control
signals, i.e. the duty-ratio control inputs; andm, of the
rectifier, are designed as

2
ma= 3 (Y(wa) (walg — Ua) + Ua) (5)
Fig. 2. Reference frames for three-phase abc systems QC
mg = Vi (v(wa) (welq — Uq) + Uy) , (6)

Sinced, and§ synchronously change at the same speed, the

differenced, — ¢ is constant and i, — § = 0, then with positive constantSwma; and wiin, and y(wa) =
—Wmez=Wd_ ¢ [(), 1]. The virtual resistancey, is responsible

Ug = V2Uy s cos () 1) %?’afhiew?é;gulation of the output voltage,. to a reference
. value V;*/ and the virtual resistance, is responsible for
Uy = V2Upms sin (0a) - (2)  the reglilation of the reactive powep to the desired value

- . . : . Q¢f. However, both virtual resistances should be bounded

In m'ost applications, .the)‘ axis 1S .allgned with thes axis in a given set to guarantee the stability of the closed-loop

[1], i.e., 0, = 0, which results inU; = _\/iU'r'ms and gystem and the current-limiting property, independentiyrf

U, = 0. However, in this paper, the generic transformatiothe values ofl/;. or Q. Note thatQ is an expression of the

is considered, which is shown in the sequel to be necessaygtem states, which further complicates the analysis la@d t

for the proposed control scheme. desired property forwd and Wy Motivated by the bounded
integral control structure recently proposed in [34], imer

Following [19], the dynamic model of the rectifier in theto avoid using saturation units that often lead to integrato

synchronously rotatingq frame can then be found as windup and instability, the proposed control dynamics aslop
dl, Vi the virtual resistances; andw, that are designed to satisfy
Li—— = —ryly—wLyl, — mg— + Uy
dt 2
dI V e P _ ref 2
LST: = _Tqu + stId - qud + Uq (3) Wa = ¢a (Vdc Vdc ) wdq i (7)
dVy 3 3 Vi b CaWdg (i yref\o g (@Wamwm)” o
e — Smaly + —mgly — e, W= A2, (Vdc Vae >(wd wm) k( AwZ, wag ~Lfwaq
dt 4 4 Ry, N s
whereU,, U, and I,, I, are thed and ¢ components of the “* ~ (Q -@ )w‘” (8)
rid voltages and input currents, respectively, and ; Cqw re Wy —wm)°
g g p pectively g == St (Q-Q) (wq—wm>—k(7( = tor) +w§q—1)wqq.
Wi, Win
mqg = % My = 2Vq
¢ Vdc ’ - Vdc

. _ . _ Here w,, = YmeedWmin Ay, = Ymes_Wmin ¢, c, and
are the duty-ratio control inputs witlf; andV, being thed agd k are positive constants. Note thaty, and w,, represent
¢ components of the rectifier voltage= [ v» v v. |, additional controller states that are required for the ititpb
respectively. The dynamic model of the three-phase rectifignalysis of the system, as it is analyzed in the sequel ubing t
is obviously nonlinear due to the multiplication of the awht | yapunov theory. The complete implementation diagram ef th
inputs with the system states, which increases the diffiéolt proposed controller is shown in Fig. 3. The initial conditio
the control design and the stability analysis. For a baldncgf the controller states are defined ag, = Weo = W,
and stiff grid, Uy and U, are constant with values dependingﬂdqO = wyq0 = 1. It should be noted that the proposed method
on the anglé,, of the transformatiof’, 5, as shown in (1)-(2). s significantly different from existing techniques thapapa

Using thed- and ¢-quantities, the real and reactive poweyirtual impedance since the controller dynamics are emeedd
drawn by the rectifier are inside the virtual resistances,; andw,.

Thew, dynamics (7) are investigated at first by considering

3 3
P =3 Uda+Ugly), Q=5 Ualqg = Usla). (4 the |yapunov function candidate

Whené, = 0, Uy = V2U,,s andU, = 0. Then for unity )

power factor operation, i.&) = 0, the current/, should be W — (wg — wim) 2 9
. d — 2 + wdq' ( )

controlled to be zero [19]. However, for a generic voltage Aw2,

orientation, the reactive power control should be achieved

using the generic expression (4). Taking the time derivative of (9) with the consideratiomaf
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Fig. 3. Current-limiting controller for a three-phase rectifier

andwg, from the dynamics (7), there is

2 (wd — wm) Wy

Wd = A2 + deqwdq
2 (wg — Wy, ¢4 (Vdc — Véff) wflq
B Aw2,
2wWq— W) Cq (VdC -V f) w3 2
. . q 2k/wd ’LUm) +wc2[q_1 w?iq
Aan/ \ AwTYL
(wq wm)2
= —2k (AwQ + wflq -1 w?iq.

This clearly shows thati’, is 0 on the ellipse

2
Wq — W
WO = {’wd,wdq €ER: %+U}3q = 1}

and on the axiswg, = 0, positive inside the ellipse and

w, W, .
L0\ é PN "
1 - > 1 — >
X
VPR S
\ ” / \
i > i >
3 > 3 >
Wit \Wd Wi /mef Wy Wit \Wli Wi /W,,,,H Wy
~ ~
- ’Vﬁ - 0

(@) wg — wqq (b) wg — wqq

Fig. 4. Phase portrait of the controller dynamics

Using the transformatiomw, = wy, + Aw,, sin @, wqq =
cos ¢, then from (7), there is

. CdW4q (Vdc - Vdrcef)
¢= YT
which shows thaty; andwg, move on the ellipsél,, with the
angular velocity given by (10). Therefore, ;. approaches
Vi ! then ¢ — 0, which meansw, and wq, stop moving
and converge to the desired equilibrium, i.e. the proposed
controller is capable of regulating the dc output voltage.

Note that starting from pointw,,,, 1), the controller states
wq and wqg only move on the upper semi-ellipse oF
without moving around the ellipse because if the states try
to reach the horizontal axis, i.evs; — 0, then¢2 — 0
according to (10) and the controller states smoothly slow
down independently from the difference;. — V;;</. This
prevents the states from crossing the horizontal axis aoidsv
a possible continuous oscillation for the controller dyi@m

Similarly, w, and wg, move on the same eII|pse
Wy, which results in w, c [Winins Wmaz] =
[Wi — Awp,, Wy, + Awy,] > 0, V6 > 0 with the same

. e cqwqq(Q—Qrﬁf)
properties and the angular velocity = ——Re. —— @as
shown in Fig. 4(b). Therefore, the reactive power regukatio

can be also achieved.

(10)

B. Closed-loop system stability

Since the initial conditions of the controller states are
defined on the ellipséV, and w,, > Aw,, > 0, then
Wy, Wq S [U}mina /wm,ar] [wm - Awma Wy + Awm] >
0,Vt > 0 and alsovy(wy) € [0,1]. By incorporating the
controller (5)-(8) into the original plant (3), the currefytand
1, dynamics can be investigated with respect to the varying
wq andw, as

dI,
Lsgf::—0;+Jﬂw@w@Ly—ng§+70mﬁUg (11)

dI,
1= —(rs + V(wd)wq)lq twlslg+ ’Y(wd)Uqa (12)

*dt

negative outside of the ellipse. This means that startirth wiwhile the dc output voltage dynamic equation becomes

any initial conditions on the ellipsé&/y, €.9. wgy = wy =
W, Wdq0 = Wgqo = 1, the controller statesv; and wgq
always stay onWW, for ¢ > 0, as illustrated in Fig. 4(a).
Hence, it is guaranteed that; € [win, Wmaz] = [Wm —

dVdC o Po o Vdc
dt Vae Rp’
whereP, = 3[v(wq) (wal3+wI2)H1—vway)) (Uala+Ugdy)].

C

(13)

Awp,, Wy, + Aw,y,], ¥Vt > 0. By choosing the controller Fig. 5 shows the equivalent circuit of the closed-loop syste

parametersv,, > Aw,, > 0, it is guaranteed that,, ., > .
Wy > Wmin > 0, V& > 0. As a consequence, it also holds thafidate

7(wd) € [07 1]'

For system (11)-(12), consider the Lyapunov function can-

1 2 1 2
V = SLIj + L.
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it is proven from the ISS property (15) that if initially the
current is below the maximum allowed RMS valijge®, i.e.
Ims(0) < I then

rms?

B Urms Ima
+ Lo t)<— (wa) = <IMT />0, (20)
TS+ v (wd) Wmin __"S'rms

Ve=-C EERL Urmsy(wa)

- Hence, the input current of the rectifier is always limitetble
Imer with the appropriate choice ab,,,;, given in (19) and
the rectifier is protected at all times. By maintaining a lowe
limit for wg and w, from the proposed dynamics (7)-(8),
both the closed-loop system stability and the desired otwre
limiting property are achieved. Since the dynamics (7)ai@®

analyzed using the Lyapunov theory, the required bounds for
After taking into account (11)-(12)p4,1g € [Wiin, Wiae) >0 Wd andw, are guaranteed without applying additional satura-

Fig. 5. Equivalent circuit of the closed-loop system

and~(wy) € [0,1], its time derivative becomes _tion unit_s. In addition_, t_he proposed Cont_roller slows dawa
) integration near the limits and therefore it does not sifem

V = —(rs + y(wa)wa) ] — (rs + y(wa)wq)I7 integrator windup issues, which may lead to instabilityisTh
+ y(wa)Ugly + 7(wa)U,I, is a crucial property that distinguishes the proposed otiatr

with traditional current-limiting approaches that incorate

current saturation units.

+y(wa) [ Us U, ] { f_d } Since the ellipsé? is a clqsed curve and the selectipn of
q Wpmin COrresponds to the maximum currdfit’s, the selection

S

< —(rs + Y(wWa)wimin) | 1115 + 7(wa) |Ull5 1]y, (14)  Of wyqe, corresponds to a minimum input curreffi”, i.e.
Urms

Jmin :

wherel = [ I; 1, ]T andU = [ Us U, ]T. Hence

Mj (15) Note that since the controller should be able to operate the
rs +7(wa)wmin system for the cases of large values of the Idagd or even
which means that system (11)-(12) is input-to-state stabpéthout a load connected to the rectifier output, ¥, = oo,
(ISS) [35] with respect to the grid voltage vector. Since thenI;}7 can be chosen arbitrarily small (aroundA or 1. A)
for a balanced and stiff grid the values &, and U, are to cover the parasitic losses of the switching elements, the
bounded, thel and ¢ currentsI, and I, remain bounded for inductors and the capacitor.
all t > 0 as well. Itis noted that whed,.,,s — 1729 thenwg — 0 or w, — 0.

Additionally, as shown in the previous subsection, all corFhis means thatg, — 0 or wy, — 0 and from (7)-(8)
troller statesw,, way, wy, wy, are bounded as well since theyit results inwg — 0 or w, — 0, respectively. This means
are restricted on a given ellipd&,. Therefore, the remaining that the integration slows down. Additionally, the conteol
dynamics of the dc side (13) can be rewritten as remains as a continuous-time system, which facilitates the

) stability analysis.
1d(Vae)” Vil 4P (16)  Sincel,,. < L7 holds true and the grid voltage is stiff,

rms

2 dt = Rp . i.e. U.ns IS constant, then the proposed controller guarantees

Note that system (16) can be seen as a linear time-invari&n@iven bound at the apparent power

system with stateV? and input P,, which is obviously S < gmax (22)

bounded-input bounded-state stable. Simgew, are bounded ’

and alsol; and I, are bounded from the ISS propertywhere S = 3U,slpms and ST = 3U., 17, By

(15), then P, is bounded. Thereford’?, and consequently neglecting the small resistaneg of the filter inductors and

Vie, is bounded. As a result, the closed-loop system sthe rectifier losses, then from the power balance between the

lution (I4(t), I,(t), Vae(t), wa(t), waq(t), wy(t), wee(t)) is ac and the dc sides, at the steady state, there is

bounded for allt > 0. . . (Ve)?
Moreover, sincel = [ I I, |, U = [Us U, ], .

then taking into account théy transformation, it results in

(21)

Wmax =

vV <0,V|I||, >

< BUppns 1007
Taking into account thaty. > 2v/2U,.., for linear modu-
lation and sinusoidal PWM operation [36], then a minimum

2
_ 2 2 _
1£1l; = \% Ii+15 = (\/5[”"5) - \6]””3’ a7 value of the resistive load can be obtained as

2 8Urms
101, = /U3 + U2 = [ (V3Usms) " = V2Upms.  (18) Ry > oo, 23)
For U This inequality makes sense since for a smaller resistdahee,

Wmin = ];72;’ (19) input current cannot be limited belaiff’** with any controller

™ms
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due to the boost function of the rectifier where the current caver-voltage protection in practice [37]. In addition, doghe

flow through the diodes. very small values of the parasitic elements, it might takeng |
Finally, since a limitation in the apparent power is guattime for the capacitor to discharge. In such cases, choaers

anteed from (22), when the current reaches the limit and the added to consume part of the stored energy that is injected

output voltage converges tg;, # VU'[:f , the reactive power into the rectifier during the transient.

would be regulated to

4 .
e D. Selecting the controller parameters

Q° =y flsmany P =+, [9uz, (e~ V& (22 o P

Ry The controller parameters,,,;,, andw,,., can be selected

according to (19) and (21), respectively. Since these ealue

i ref e i
As a result, if[Q™/| > |Q°|, then the reactive power represent the limits ofv; andw, which operate on the ellipse

ol "
converges toQ¢ in order for the rectifier to guarantee th ., as shown in Fig. 4, the controller parameters, and

current limitation. In other words, the proposed contmole . )
- Aw,,, which corresponds to the center of the ellipse and the
able to limit the current and consequently the apparent powe

automatically without modifying the control structure. orizontal radius, respectively, are given as

It becomes clear from (15) and (20) that the RMS value . — Wmaz +Wmin _ Urms < 1 n 1 > (26)
of the rectifier current is limited below a value related to m 2 2 Imin - [maz |7
U, = /U3 + U2, which is equal to the RMS value of the Winaw —Wmin  Urms {1 1
grid voltageU,.,... If the grid is weak or subject to voltage Awy, = 2 ~ 9 <[%'r; - Imsm> @7)

variations, the same analysis holds true and guaranteés th
Toms is limited below Xl maxtlUoms} Hance hased on the

Ts +"/(wd)w7nin

expression in (19)w,.i, can be selected ag>1Urms} ang

<’j}kdditionally, the gaink is arbitrarily selected as a positive
constant since it is multiplied with the terrﬁ%dgw#”) +w§q—

(20) becomes rms 1 and % + wflq — 1, which are zero ori¥. In fact,
Urne  1mas k is only used for the practical implementat.ion to increase
Loms (1) Y (wa)Urms _ _ max{Upn.} rms the robustness of the;, and w,, dynamics with respect to
T g+ Ay (Wa) Winin rsIpes +1 numerical and computational errors. Hence, in practiag,if

e {Urma }y(wa) andw,, are disturbed from the desired ellipdé, the positive

< s Imes < I Nt >0, (25) gain k will force them to be attracted again on it. A typical
Inax{UM::f’y(wd) +1 range fork is []., 1000}

Parameters, andc, are found inside the angular velocity
eexpressions;'b, ¥ and affect the dynamic performance. Since
wq and wg, are restricted on the upper semi-ellipse 1&j,
the worst-case scenario is whew)y starts fromw,,,, and
reaches the minimum value,,;, at the steady state. In this
case, the dc output voltage starts from a minimum value

One of the crucial properties that a three-phase rectifigf™** and reached¢,, corresponding to the maximum input
should guarantee is to avoid instability when the load is disurrent/:¢*, i.e. there is a maximum differenc&V,* =
connected from the rectifier (transition to no load opergtio |Vd€C — V;’g“|. Assuming thatt, is the settling time for the
Considering the steady-state condition wheje = Vdrff cor- plant in order forw to travel on the upper semi-ellipse Wfy,
responding to the current§ and;, then when suddenly the which corresponds to an arc with central anglead, then in
load is disconnected, the output voltalje. starts increasing the worst-case scenario the angular velocity is constadt an
due to the existinglg currents. In this casd/;. — V;ff >0 equal to its maximum valug,,., = £ rad/s. Sincew, < 1
and from (10) the controller states; andw,q move clockwise on the upper semi-ellipse 6/:

Hence, given a maximum valueax {U,,s} and the choice
of w,,in, the stability and the current-limiting property of th
rectifier can be guaranteed.

C. Operation when the load is disconnected

on the ellipseW, leading tow; — wma.. Consequently, e, A/ maz
. . d dc T
Y(wq) = 0 whenwg = w,yq, and (5), (6) become 6 < Pmas = — 12— =
2, 20, . " ’
mg = —2% m, = , i.e. TAWw,,
T Ve T Vae Cd = T Aymaz” (28)
which makes the rectifier voltages equal to the grid voltages, . e
ie. V; = U, andV, = U,. Hence, both currentd, and Smilarly, ¢, can be calculateglas
I, become zero and the rectifier stops charging the output g = ——m (29)
capacitor, thus avoiding the output voltage to further éase. tsAQma

In practice, during this operation, the capacitor is disghd for a given maximum deviation of the reactive powef)™**.
through the parasitic elements of the rectifier and the dtgac For systems with fast dynamics, the values:piindc, can be
When the load is reconnected, then the controller returns to significantly increased. Expressions (28) and (29) areirdda
normal operation. This will be verified further in the resultfrom the worst-case scenario to provide some starting galue
shown in Section V. for the control parameters; andc,, respectively.

The voltageV,. may increase too much but this can be Finally, the alignment anglé, for the generica trans-
easily addressed because most rectifiers are equipped vigitmation. If ¢, = 0 or 6, = 90°, thenU, or U, is zero. In
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this case, for a typical unity power factor applicatidi, or while the controller equations (7)-(8) will remain the sarme

I, should be regulated to zero which implies from (5)-(6) thahis case, by substituting (35)-(36) into (33)-(34), theseld-

mgq OF my is zero independently from the controller dynamickop system equations become the same as (11)-(12), which
wq Or wq. Hence, for the desired operation, it is required thameans that the same analysis given in Section Il holds and
0 < 6, < 90° which leads tol,, I, > 0, Vt > 0, since the RMS value of the rectifier current is limited beldy?".

Va, V4 > Oresults fromUy, U, > 0 When ignoring the voltage

drop on the filter inductor andjd, wq > 0. By ignoring the V. VALIDATION VIA REAL-TIME SIMULATIONS

negligible parasitic resistance of the filter inductorsrttet 5 \vith a resistive load

the steady state it yields from (4) that . - .
y , y @ ) In order to verify the proposed current-limiting nonlinear
Ua (Vie)” _ UgQ° Ug (Vi)™ | UaQ°

. - controller, a three-phase rectifier feeding a resistivel hvith
473U2 R, 3U2,. 7 3U2,.RL +?,Ugms' (30) parameters given in Table | is tested using an OPAL-RT real-
For 15, I¢ > 0, (30) provides that timg .digi.tal simu!ator vyith the actual_ switching model okth
o2 o2 rectifier in real time with the step size of &s. Ideally, the
_ M Q° < M. (31) smaller step size the better but it is limited by the hardware
Uiy UgRL Nevertheless, the real-time simulations are conducteeifyv
If the @ axis is oriented very close to theaxis, i.e.,d, ~ 0, the performance of the proposed controller in real-timeit as
then U, ~ 0 and the reactive power is restricted to positivéould have been implemented in a hardware rectifier, com-
values from (31); if it is oriented close to the axis, i.e. pared to other simulation environments (e.g. Matlab, Sinkull
0, ~ 90°, then the reactive power is restricted to negatiLECS). Since the main application of a rectifier is to mamta
values As a result, in order to have the flexibility of cofing @ constant dc output voltage, the reference of the dc output
the reactive power in either positive or negative valueievoltage is set td/;</ = 300V for the entire test. At the time
when the current is limited, the orientation should be getkc instant¢ = 0.1s, while the loadR, is 200€2, the desired
somewhere between the two vertical axesand 3. It is reactive power is changed from 0 ©™/ = 100Var and
therefore convenient to chose the orientation exactly & tthen returned to zero aftérds. At¢ = 0.9s, the loadR,,
middle of the two axes, i.@,, = 45°. In this case, the reactiveis changed tol00. In order to verify the current-limiting

power can be controlled within the range of property of the controller, at = 1.3s, the load resistance is
(V ) decreased further t60 2 and then back td00 2 after0.4s.
\Vde/

<Q° < (Vdi:)27 or — P°< Q<P (32) Fig. 6 illustrates the performance of the rectifier under the
R Ry, given scenario. During the first.3s, the dc output voltage

It is underlined that the controller equations (7)-(8) amt nand the reactive power are regulated at their desired values

affected by the choice df,, since they require the calculationeven after the rapid change of the load or the reactive power

of the reactive powe€) which will be the same independentlyreference. The transient response of thand g components

from the a3 transformation and the virtual resistaneegsand of the input current and the controller states is shown in Fig

w, will remain bounded in a positive set to guarantee tHgb). At the time instant = 1.3 s, when the load is decreased

desired stability and current limitation. to 502, which leads to a high input current, it can be seen
that the dc output voltage is regulated to a value slightiyeio
IV. THE CASE WITH AN LCL FILTER than the reference since the RMS input current increases to

nearly the limit/77¢<. This is clearly shown in Fig. 6(a), where

rms

The boosting inductanck, in each phase operates as a low
the RMS value of the current is regulated to a value slightly
pass filter to reduce the high-frequency of the input currentJ ss than the maximum limif™s* — 6 A, due to presence

caused by the switching operation of the three-phase Ctifi rms
. o . . of the small parasitic resistancg. Hence, I,.,,, < [7%F
However, in many rectifiers, anC'L filter is often used to . S . . o rms
. . P . Is maintained at all times, which verifies the current-lingt
achieve better harmonic rejection. Denote thend ¢ axis roerty. When the load returns 1609 atf — 1.7s. the dc
components of the capacitor voltage of thé'L filter as V.4 property. s

L , . “% _ putput voltage returns to its reference value after a teantsi
andV,,. Then, the rectifier current equations become similar . .
he slow response is due to the slow action of the controller

to (3) as
dl, Ve
SE - _TsId - WLqu - deC + ‘/cd (33) TABLE |
d]‘ e RECTIFIER AND CONTROLLER PARAMETERS
LSE = —rslg +wlslq — mq7 + Veg- (34) | Parameters|  Values H Parameters Values
In order to guarantee the current-limiting property of the L, 2.2mH fsr"ef’gﬁgir:‘gy 10kHz
rectifier, the proposed controller (5)-(6) can be modified as o 050 Tmas GA
c 300 F Tmin 10mA
2 R 50 ~ 200 Q k 1000
= I, —U, V, 35 L
=y (V(wa) (wala = Ua) + Vea) (35) Vims 100V ts 0.01s
2 w 1007 rad/s AVjnas 200V
mq = Vdc (V(wd) (quq - UQ) + ch) 9 (36) 9(1 45° AQdmaac 200 Var
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st [2 A/div]

boy: 120 Q/divi

!
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200-100Q  100—50Q  50—100Q

R, Q/div]
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Vae: [200 V/div]| 0 €
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Fig. 6. Transient response of the three-phase rectifier with a linear load: (a) real power P, reactive power @, output voltage V. and RMS input
current I-ms, (b) d and ¢ components of the input current (14, ;) and the controller states wy and wq, and (c) phase portrait of the controller
dynamics

U, Up, U [50 Vidiv] :
YooooN . . . a2 [10 A/div]

Ty [2A/diV]

B V.)(é [200 V/div]

iy b, ict [5 A/div] : . nominal load = no load to :
: Time: [5 ms/div] © tonoload ' nominal load Time: [200 ms/div]

Fig. 7. Steady-state response of the three-phase rectifier with a linear ~ Fig. 8. Time response of the three-phase rectifier when the linear load
load is changed from the nominal load to no load and back

which mainly depends on the selection of the gaipsand and 1, become zero and stop charging the capacitor. This is
cq. Further improvement of the transient response is a Veglear from Fig. 8 where the instantaneous current is quickly
interesting topic and will be examined in future work, sinceduced to a very small value around zero, without notiabl
the main purpose of this paper is to introduce for the firsetinfundamental components. The RMS value does not converge
the current-limiting structure of the proposed control&nce to zero due to the ripples in the current. However, it is clear
0o = 45° for the a8 transformation, thet/y = U, = Urms  that no current flows to the dc side since the capacitor veltag
and therefore from (4), when the reactive power is set to zefiges not increase any further. After this operation, in prac
it results inly = I, = I,ms. This is clearly depicted in Fig. tice, the capacitor is slowly discharged through the pticasi
6(b), wherel, = I, when@ = 0Var, as required by the elements of the rectifier components. The over-voltage does
unity power factor. Fig. 6(c) illustrates the phase pottathe ot cause any problem to the load but this should be taken
controller statesuy, waq andwy,, wqq, respectively, where the jnto consideration when selecting the devices. If needed, a
theoretical analySiS is verified since the controller stagenain Simp|e 0\/er-\/0|tage protection circuit can be added totltime

on the upper semi-ellipse d’, until they converge to the voltage increase. It should be highlighted that the fadter t
corresponding equilibrium points. The steady-state mes@o controller dynamics, i.e. for large; and¢,, the lower the dc

of the system is shown in Fig. 7. The switching ripples aigutput voltage increase, since bath andw, converge faster

visible in the current waveforms, although some additiong its maximum valuev,,,... However, this can lead to a more
noise is added due to the limitation of the OPAL-RT system

with respect to the minimum time step required in order to
obtain the results in real time. load

In order to further validate the effectiveness of the preplos y—;? ry, Ly

controller, while the load resistance is at its nominal ealu +
Ry; = 100£, the entire load is suddenly disconnected to in- |
vestigate the transition to the no-load condition. The oesp Vii 3R,
of the rectifier is shown in Fig. 8. It can be seen, that the
output voltage increases for a very short time, during witeh
controller statesv, and w, converge to the maximum value
Wmaz, @S discussed in Subsection 111-C. Then both currépts Fig. 9. DC-DC buck converter load

<N Lb

.3 C= V, 3R
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Luc 2 AdY] [ Wag, Wag: [0.2/diV]
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Riy Ry wa, wg: [40/Q/div]
15050 50—150Q : o Fa S
: 2120 Q/di : T
¥ Uy : 1,2 [2 A/div] ki L : vl : i

Vac: [200 V/div]| 0

o

) 0: 200 Var/div] L [2 A/div]
T o 0 : A
O-l00Var t00-ovar  Tmer00msdivijoa . Time: [200 ms/divi]
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Fig. 10. Transient response of the three-phase rectifier with a dc/dc buck converter load: (a) load voltage V;, reactive power @, output voltage V..
and RMS input current I, (b) d and ¢ components of the input current (14, I4) and the controller states wq, wq and (c) phase portrait of the
controller dynamics

I.ms approaches its maximum value and the dc output voltage
: of the rectifier slightly drops to maintain the maximum power
M“Wl““““w] ‘ | of the device. In this way, the rectifier is protected at atlas,

ia: [10 A/dlv]

which is the main goal of the proposed controller, while the
load voltage is maintained at its reference value. The Idad o
the buck converter returns to its original valdé s later. The

i [2 A/le]

T time response of the rectifier currents and the controlest
' ' Y 00 VI are shown in Fig. 10(b). Note that due to the buck converter
. : dynamics and the PI controller used, the desired load wltag
ey Time: [200 ms/div] V, remains constant with almost no visible variations for the

entire operation. The controller states;,wq, and wg, wqq
Fig. 11. Time response of the three-phase rectifier when the dc/dc buck — operate once again exclusively on the ellipgg, as illustrated
converter load is changed from the nominal load to no load and back in Fig. 10(c), verifying the theory developed in the paper.
The operation of the rectifier under a sudden disconnection
and reconnection of the load (transition from nominal-léad
no-load conditions and vice versa) is shown in Fig. 11. It is
observed that the current limitation is maintained at atlets.
The slower response of the rectifier during the reconnection
of the load compared to the case of the linear load (Fig. 8) is
due to the buck converter dynamics and the PI controller used
for the regulation of the load voltage.

oscillatory response under normal operation. This pravide
useful insights to further enhance the transient respohdeo

controller in the future. When the nominal load is reconnect
to the device after almog$t1s, the proposed controller leads
the output voltage to its reference value after a short teans

as shown in Fig. 8.

B. With a converter-fed load VI. CONCLUSIONS

Since in modern smart grid applications, more complicated A nonlinear controller to inherently limit the current draw
loads are often used, here, a dc/dc buck converter connedtedn the grid by a three-phase rectifier has been proposed, in
to the output of the rectifier in parallel with the resistizadl, addition to achieving accurate output voltage regulatiod a
as shown in Fig. 9, is tested. The buck converter is contfolleeactive power control, using the nonlinear model dynamics
using a traditional PI controller to regulate the outputtagé and the generidq transformation. The current-limiting prop-

V; at 200V. The parameters of the load converter drg = erty of the proposed controller does not depend on the system
2.2mH, ry = 0.5Q, C, = 300uF and Rz, = 150 9. parameters and is maintained for both linear and nonlinear
While the dc output voltage of the rectifier is regulated dbads used in smart grid applications. An analytic framéwor

ij’f = 300V, the reactive power reference changes frorfor selecting the controller parameters has been presamigd

0 to 100Var att = 0.2s and returns to O afteh.4s. As it a small modification of the controller is also proposed to
is shown in Fig. 10(a), both the dc output voltage and thlguarantee the desired current limitation in th€ L filter case.
reactive power are regulated at their reference valuedewhrhe desired performance has been extensively tested using a
the load voltagd); is maintained at the desired value. At theeal-time simulation system with different types of loads.

time instantt = 1s, the loadR;, of the buck converter is However, it is clear from (25) thatl,.,.(t) <
changed from150 to 50§2, which increases the |njected%lm‘” which means that the maximum value of the

{U ms

power, since the voltage of the load is maintained constanat, current t'will be belowl"* as required but drop whel, ,,

consequently the rectifier current. However, since thegsed drops. Further research is required to maximize the current
controller guarantees a current-limiting property, therent capability of the three-phase current-limiting rectifisrorder
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to support the grid under faults, i.e. by injecting a high
value of reactive power as imposed by the Grid Codes. Fut
research will also include the experimental implementatbd

the proposed technique under different types of loads (elg}
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