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Abstract—In this paper, a new simple control strategy for "
ac input current of voltage-type pulsewidth modulation (PWM) Lhree Phase
rectifiers which can eliminate the steady-state control error com- Power Supply L,(R,)
pletely is proposed. This control method requires neither the

instantaneous value of the supply voltage nor any accurate HEC Load
circuit parameters on the ac side of the rectifier. Thus, a robust : v; d
operation against the variation of the circuit parameters can —g} -ﬁ} 4<}

be achieved. In the proposed control system, a digital resonant

element implemented by a digital signal processor (DSP) is v —T T~

introduced as a feedback controller. The digital resonant element Input Current| *.|Bridge Circuit

exhibits a function similar to an integrator for the fundamental Controller Controller

frequency components. Thus, it can eliminate the steady-state ,-:J

control error of the input current completely. The principle of
the proposed control method is discussed, and its effectiveness isrig. 1. Typical main circuit and control block diagram of voltage-type PWM
shown theoretically. The detailed method of the implementation rectifiers.

of the lossless digital resonant element is explained. The effects of

the harmonics in the supply voltage on the ac input current wave- .

form are clarified. To confirm the effectiveness of the proposed can be controlled accurately without knowledge of the supply
control method, some experimental results from two laboratory voltage and the ac-side circuit parameters. However, the

test systems are shown. switching frequency of the power devices changes significantly
Index Terms— Harmonic reduction, input current control, ~during a fundamental period, resulting in the higher stress on
voltage-type pulsewidth modulation rectifier. the power devices. In addition, the total harmonic distortion

becomes higher for a given value of the average switching
frequency. From this point of view, the hysteresis controller

N RECENT YEARS, voltage-type pulsewidth modulatioris not suitable, especially for high-power applications.

(PWM) rectifiers, which can realize unity input power In this paper, a new control strategy of the ac input current
factor and almost sinusoidal ac input current, have been widéyproposed which can eliminate the steady-state control error
investigated [1]-[6], and some of them have already beenmpletely without using the detected values of the supply
put into practice. In the voltage-type PWM rectifiers, the aeoltage and ac-side circuit parameters. In addition, this control
input current is indirectly controlled by adjusting the ac-sidsethod can be applicable to carrier-based PWM rectifiers, in
voltage of the bridge circuit. To achieve this, the detectethich the switching frequency is kept constant. Thus, this
instantaneous values of the supply voltage and the accuratethod is suitable also for high-power PWM rectifiers. In the
values of the ac-side circuit parameters are required, resultiprgposed control circuit, a lossless digital resonant element
in a complicated control system configuration. If a hysteress used as the input current controller. The control error
controller based on the instantaneous comparison of the letween the input current and its reference is applied to the
input current and its reference is applied, the ac input curretigital resonant element. Since it has an infinite gain at the

- resonant frequency, the digital resonant element exhibits a
Paper IPCSD 98 01, presentad at the 1997 Industry Sppicafions S Oqzﬁ%ction similar to an integrator for the alternating current
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Fig. 2. Input current controller using PI controller.

So far, some control methods of voltage-type PWM recti-
fiers employing a proportional integral (PI) controller which
can eliminate the steady-state control error of the ac input
current completely have been proposed [6]. However, coor- i Loss-Less
dinate transformations of three-phase signals to dc signals F\ Resonant Element
are required, because the Pl controller can eliminate the
control error completely only for the dc components. Thiig. 3. Proposed input current controller using a resonant element.
results in a complicated control system configuration. In

contrast to this, the proposed control strategy can realiz€, g circuit configuration using the PI controller [6]. The
simpler control algorithm without these transformations. lBetected signal of the input curreitand its reference signal
addition, th? proposed' method is suitqble also for singlg—ph%seare three phase quantities. In the case of the PI controller,
PWM re_ctn‘lers to which such coordinate transformation lﬂile complete elimination of the steady-state control error is
not appllcable. . achieved only for the dc component. Thus, the error signal
In this paper, the control of the ac input current of th i-—i;) must be transformed to dc signals before being applied

IO ) \ i
voltage-type PWM rectifiers is summarized first. Based q@j'yhe | controller. This is achieved by a coordinate transfor-

thesr:e Investigations, the pr'|nC|p:$ O.f the prqposr:e d Con;rl‘ﬁlation to the rotating reference frame which is synchronized
met ?Id |shd|sc;:us§Iezo(Ij, andh 'LS ef iCt'\,’enTSS IS S_Ownftthh the frequency of the supply voltage. The output signal
retically. The detailed method of the implementation of ths e py controller is inversely transformed to a three-phase
lossless digital resonant element using a DSP is explaingdy, o o generate the reference signal These requirements
Thg effects of the harmon_|cs_ n the supply VOItage on % the transformation result in a complicated control algorithm.
ac input current waveform IS investigated. A modification 9q addition, the controller shown in Fig. 2 is not applicable
the control system to eliminate these effects of the sup single-phase PWM rectifiers, because a single-phase signal

voltage harmonics is shown. To confirm the effectiveness &I;lnnot be transformed to a dc signal in the manner shown in
the proposed control method, some experimental results fr% 2

two laboratory test systems are shown.

K

P

I1l. PROPOSEDCONTROL PRINCIPLE
Il. CONSIDERATION OF AC INPUT CURRENT CONTROL

o _ A. Configuration of Proposed Controller
A. Principle of AC Input Current Control in ] ) . ]
Voltage-Type PWM Rectifiers Fig. 3 shows a new input current controller introducing a

I?ssless resonant element proposed in this paper. The transfer

Fig. 1 shows a typical main circuit and gengr_alized contrglinction G,.(s) of the lossless resonant element is given by
block diagram of the voltage-type PWM rectifiers. The ac-

side voltagev; (= [viu,viv, vis]?) is controlled directly by Go(s) = K, )
the PWM operation of the bridge circuit. The control of ac ! 1+ (s/w1)?
input currenti, (= [isu,isv,s0]” ) iS achieved indirectly by

L . here K, is the d i is th t I
adjusting the amplitude and phase anglevgf In general, where Is the dc gain ando, is the resonant angular

o . frequency of the resonant element. Note that the value of
the current controller can be classified into feedback a 9 y

() goes to infinity whers = jw; . In this case, the resonant
feedfqrward control_lers. The fee_dforvyard_ controllers are Ve%gular frequencyy; is set to the angular frequency, of
sensitive to the variation of ac-side circuit parameters such

; . : {2 supply voltage. Each phase component of the difference
inductancesl, and resistance®, of the ac inductor and ac ;.. i,) between the supply current and its reference is

lines. Thus, the feedforward controller cannot be a practic plied to the resonant element as an input signal without

solution to the complete eliminat_ion of the control error in th‘.’finy transformation. The output signal of the resonant element

fundamental component of the input current. is used as a component of the reference signal of ac-side
) voltage »}. Since the transformation of the signals is not

B. Conventional AC Input Current Controller required in the proposed method, we can have a simpler
Therefore, a feedback controller should be used to eliminatentrol algorithm. By the function of the feedback controller
the control error completely. A PI controller is one of theshown in Fig. 3, the output signal of the resonant element is

widely used feedback controllers. Fig. 2 shows a typicaldjusted automatically to a value which makes the fundamental
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v, In the proposed controllerw; is set to the fundamental
AC Side Circuit

rl.‘.‘.li‘f?_(_j_‘}.".”_e.‘?f_(_3.9‘?9'_‘?1_1_@_?' _____________________ angular frequency of the supply voltage. To obtain sinusoidal
' K, n _\i+ 1 I, input current, the input current referengée contains only the
1+ (s/wr)? V; AL ¥ R, fundamental frequency component. Thus, from (4), we can
+Hod see that the fundamental frequency component in the actual
X | input current, coincides exactly with its referencg in
: el ; the steady state. This means that the steady-state control error
""""""""""""""""""" in the fundamental component can be eliminated completely.
Fig. 4. Control block diagram of ac input current control system. In addition, we should note that;;(jw1) is unity, regardless

of the values of the control parametel§., K, and the ac-

side circuit parameters ;, ;. In other words, the complete

frequency component of the ac input current coincide exacllyimination of the control error in the ac input current can be
with its reference. When the fundamental components of the,|izeq regardless of these parameters.

input current; and its refer_encéisk c_:oin'cide-exactly, the funda- Similarly, from Fig. 4, we can also obtain the transfer

mental component of the input signdf —1,) of the resonant ¢,ction from the supply voltagd’, to the actual ac input

element becomes zero. The resonant element can susta|ncm$em_,5 as follows:

generation of the reference signall required for the input

current control, even under this condition. From the above Foils) = I;(s) _ 1/(sLs + R;) ) (5)

discussion, we can see that the resonant element in Fig. 3 can v Vs(s) 1—H(s)/(sLs + Rs)

eliminate the steady-state error in the fundamental compongntb tituti .

of the supply current completely. From another point of view,u stitutings = jwi,

the resonant element can be regarded as an integrator for Fyi(jon) = L(jw) 0 —0 ©)

alternating current components, frequency of vyhlch is equal vilJW1) = Vi(jwr)  W2K,

to the resonant frequency. To improve transient response,

a proportional controller denoted by a control gaif), is From this result, we can see that,(jw:) is always zero,

connected in parallel with the resonant element, as show@&gardless of the control parametdis, K,, and circuit pa-

in Fig. 3. The effectiveness of this proportional controllefametersL;, R;. This means that the supply voltage does

has been clarified in our previous paper [7]. Note that tH®t affect the control characteristics of the ac input current,

information of the accurate circuit parameters is not requiréggardless of these parameters.

in the proposed controller. Thus, it provides the robustnessFrom these investigations, the effectiveness and robustness

against the variation in the ac-side circuit parameters. of the proposed control method have been confirmed theoret-
As mentioned before, the transformation of the three phaisally.

signals into dc signals is not required in the proposed control

method. Thus, it can be applied also to single-phase rectifiers. V. | MPLEMENTATION OF CONTROL SYSTEM

B. Theoretical Verification of Complete Error Elimination A |mplementation of Resonant Element

Fig. 4 shows the control block diagram of the proposed The |ossless resonant element introduced in Fig. 3 cannot
current control system. In Fig. 4, andR, are the inductance pe realized by conventional analog circuits, because power
and resistance of the ac-side inductor, including those of ths is not avoidable in the practical circuit components. Thus,
ac line. From Fig. 4, the transfer function from the referengfie |ossless resonant element is implemented mathematically
signalI7 of the ac input current to its actual valigis given by a DSP. Fig. 5 shows an equivalent circuit of the resonant

by element. The transfer functiog/w of this circuit is equal to
L(s) = L(s) _ —H(s)/(sLs + R) (2) g%z)itgnedeLjraEt?oen ;%r:idgll?tnﬁ e: u{';\t?(?nd (C)dflthTs }:{rcjig;e Ti?/?an b
W= T(s) T 1= H(s)/(sLs + Ry) a put eq given by
) ) dx
where H(s) is the total transfer function of the proposed ac 5 ATt Bu, y=Cz
input current controller given by 0 1/C, 0
A = r 5 B =
K, -1/L, 0 1/L,
! C=[10], x:H (7)
Substitutings = jw; into (2), we can obtain the control
characteristics at the resonant frequengy Here, we assume thdt. andC,. are numerically equal. Then,
. L, = C,. = 1/w. The state transition matri@(¢) is given by
Fu(jwy) = LGwn)
" I3 (jwr) P(t) =L7H(sI - A)7]
_ w%Kr _

(8)

1. @) _ { cos(wit)  sin(w;t) }

S WwiK, —sin(wit) cos(w;t)
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Fig. 5. Equivalent circuit of lossless resonant element. 9.8 2.9
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In this expression[ is the unit matrix. From (7) and (8),
we can obtain the state equation in discrete-time domain as )
follows: T 9100
z(n+1) =Pz(n) + Qu(n)
y(n) =Cx(n) (9) 17720
where
. Fig. 6. Root locus for the variation of control gaik,.
P=&(T,) = cos(wr1Te)  sin(wTe)
c —sin(wT.) cos(wiTe) _ _
T Fig. 6 shows the root locus of the ac input current control
Q= / &(r)dr|B = [1 - COS(wch)} system shown in Fig. 4 for the variation of the control gain
0 sin(w1e) K, in the range of2.7 < K, < 3.3. The control gaink,
v(n) is set to—3. The ac-side circuit parametefs and R, are
z(n) = L(”)} 6.28 mH and 0.42, respectively. The characteristic equation

has a pair of complex roots and one real root. The pair of
In these expressiong:. is the calculation intervaly(n),i(n), the complex roots moves from the right to left as the control
andu(n) arenth sampled values of, i, andu, respectively. gain K, becomes large. In contrast to this, the real root moves
From expression (9), the state variabte@ + 1) of (n + from the left to right. Whenk,. ~ 3, these three roots pass
1)th time step can be calculated consecutively using tlk@ch other, and the distance of any one of the roots from the
state variablesc(n) and inputu(n) of nth time step. This imaginary axis becomes large. This condition is the optimum
calculation is performed by using a DSP. The expressions feém the view point of stability. Thusk, is set to 3 in the
P and @ contain trigonometric functions, but these functionfboratory test systems.
are constant for given values of the resonant frequencgnd In Fig. 6, the control gaink,, has been set te-3. Under
calculation intervall.. Thus, the calculation of expression (9his condition, it is shown by the analysis using the root loci
requires just multiplication and addition. In this calculatioghat the values of the real part of the roots when they pass
procedure, the dc gaii’,. of the lossless resonant elemengach other on the complex plane becomes the largest with the
has been treated as unity. &, # 1, the calculated value of negative sign. ThusK, = 3 and K, = —3 is the optimum
y(n) obtained by (9) is multiplied byx,. pair of the control gains to obtain the stable operation. This
As mentioned before, the resonant angular frequencis pair of the control parameters is used in the laboratory test
set to the supply angular frequenay. The calculation of systems and computer simulation.
expression (9) must be done every7. rad of the phase
angle of supply voltage. In the proposed control system,
this calculation is started by an interrupt signal provided by
the phase-locked loop (PLL) circuit, which is synchronized To confirm the effectiveness of the proposed control method,
with the supply voltage. If the supply frequency becomes some experiments have been made employing a laboratory test
times the nominal value, the calculation inter{fal becomes system of the three-phase voltage-type PWM rectifier. The
1/« times. In the calculation of (9), all the elements irspecifications of the laboratory test system are listed in Table
matricesP and @ are treated as constant. Thus, the resondnfThe digital resonant element is implemented by a DSP (T,
frequency becomes times its nominal value. In this way, theTMS320C25). The calculation interval is 784 when the
resonant frequenay; always tracks the variation of the supplysupply frequency coincides with the nominal value 50 Hz.
frequencyw, automatically, ensuring the complete elimination Fig. 7 shows the steady-state waveform of the supply cur-

V. EXPERIMENTAL INVESTIGATION

of the control error in the ac input current. rent ¢, together with its referencé: and the control error
(¢¥* — is). Here,i; and{* represent a phase component of
B. Investigation of Stability i, andz}, respectively. We can see that the control error of

The characteristic polynomial appears in the denominattty\B fundamental component is effectively eliminated by the

of expressions (2) and (5). Thus, the characteristic equatiBWposed control metho_d.
is given by Fig. 8 shows a transient response of the supply current

at a sudden change in the input current reference. In this
Lis®* +(Rs—Kp)s? +w?Lss+wi(Rs— K, — K,) = 0. (10) experiment, the amplitude af is suddenly increased at the
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TABLE I
SPECIFICATIONS AND PARAMETERS OF LABORATORY
TEST SYSTEM OF SINGLE-PHASE RECTIFIER

) Inductance L, = 2.87 [mH]

AC Inductor Resistance R, =02[Q]
Supply Voltage and Frequency 100 [V], 50 [He]

.| Proportional Controller | K, = —3 [V/A]
Coutrol Gains Resonant Element K, =3 [V/A]
DC Side Voltage Ve = 200 [V]
Switching Frequency 2.4 [kHz]

CHT. 1 V. MATH [T <H A s/ div

DC: 11

1-2:

bpC.11

Fig. 7. Experimental waveform of input current in the steady state
(three-phase rectifier, 10 A/div, 5 ms/div; upper: reference signal of input
currente?; middle: detected input curreit; lower: control error’ — is). 0—

0—

Fig. 9. Experimental waveform of input current in the steady state (sin-
gle-phase rectifier, 10 A/div, 5 ms/div; upper: reference signal of input current
i7; middle: detected input current; lower: control error¥ — 4.).

control method. However, as seen in Fig. 9, the supply current
waveform contains a third harmonic component significantly.
Fig. 8. Experimental waveform of input current at a sudden change in inqlﬁ the result shown in Fig. 9, the third harmonic component
current reference (three-phase rectifier, 10 A/div, 10 ms/div; upper: referencF . ) N ! .
signal of input curreni*; lower: detected input currert ). ) the supply current is 4.0% of its fundamental c-omponent.
This is because the voltage waveform of the single-phase
power supply used in this experiment contains a third harmonic
component. The effect of the harmonics of the supply voltage

TABLE |
SPECIFICATIONS AND PARAMETERS OF LABORATORY

TEST SYSTEM OF THREE-PHASE RECTIFIER

is investigated in Section VI.

AC o[t el

Supply Voltage and Frequency 1(;0 [V]', 50 [Hz] VI. EFFECTS OFHARMONICS IN SUPPLY VOLTAGE

Control Gains Ez:zz;:sfglegzﬁroﬂer II? = ;?V[X]A] As seen in Fig. 9, the harmonic components in the supply
B0 Side Voliage V;: 200 V] voltage.causg the waveform dlstortlon of th.e mput current.
Switching Frequency 1.9 [kHz] To confirm this, a result of computer simulation is shown in

Fig. 10. The circuit parameters and control parameters listed
in Table Il are used in this simulation. The third harmonic
instant denoted by an arrow. We can see that a stable operatomponent of the supply voltage is 3% of the fundamental
is realized even under the transient condition. From thesemponents. In Fig. 10, we can see a waveform distortion in
results, we can confirm the effectiveness of the propostt input current waveform similar to the waveform distortion
control method experimentally. seen in Fig. 9. In this case, the third harmonic component
As mentioned in Section IlI-A, the proposed control methos 5.62% of the fundamental component. From these results,
is directly applicable to single-phase voltage-type PWM rective can conclude that the harmonic components in the supply
fiers. A laboratory test system of the single-phase rectifier wagltage cause the waveform distortion of the input current.
constructed. The circuit parameters and control parameters aréo eliminate the waveform distortion due to the supply
listed in Table II. voltage harmonics, we introduce an additional lossless reso-
Fig. 9 shows an experimental result from this test systemant element, the resonant frequency of which is set to the
In Fig. 9, a waveform of the input curremf is shown with harmonic frequency as shown in Fig. 11. In this figure, a
the waveforms of its reference signdland the control error lossless resonant element of third harmonics is introduced
(i* —is). Again, we can see the effectiveness of the proposed parallel with the proposed controller. As mentioned in
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. . . . ig. 12. Simulated waveform of input current in the steady state with
Fig. 10. Simulated waveform of input current in the steady state when sup;%g o . o ’ L
voltage contains third harmonic component (single-phase rectifier, 10 A/d od|f|.ed flnput current lcop_trollet'r (smgle-ph;ge_r((jec?fletr,dlp A/td'v’ 5 m.s/dw,
5 ms/div; upper: reference signal of input curréht middle: detected input lubperl. re etrer|1ce S|g_£1a orinpu curref)t middle: detected input curreat;
currenti,; lower: control errori* — i ). ower: control errorig — is).

element, the resonant frequency of which is set to the harmonic

L K frequency.
_ + The resonant element introduced in this paper has not been
I; K, + v found in any current control circuits for power converters
+ 1+ (s/wi)? presented so far. From this point of view, this paper provides
pemnnnenesssseesee - + a new approach to digital current control.
; [
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