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DSP Implementation of Output
\Voltage Reconstruction In
CSlI-Based Converters

Jo¥ R. EspinozaMember, IEEE,and G8za JoS, Senior Member, IEEE

Abstract—  Current-source-inverter-based  uninterruptible  dc-link current has to be varied [6]. However, on-line current
power supplies and V/f-controlled induction motor drives  pulsewidth modulation (PWM) pattern generation can be im-
require sensing of two or more load voltages in addition to the plemented with appropriate gating interface circuits [7], [8].

dc voltage sensors used for protection purposes. This paper .
proposes a_digital-signal-processor (DSP)-based load voItageThe load voltage can then be precisely shaped and regulated

control scheme that requires only information provided by the [9]. This gives the CSI a voltage-source characteristic, with
dc-bus voltage sensor. Load voltage estimation is based on acthe additional advantages of inherent current limiting and low

line voltage reconstruction by means of a recursive least-square |pad voltage harmonic distortion. The converter can, therefore,

error algorithm that uses the information available on the for uninterruptibl wer I P lication
dc bus and knowledge of the pulsewidth modulation gating be‘L/Jsed ot u” dt?‘ Clinttbe bo te jqppy (UPS) applications
pattern. Thus, the system minimizes the transducer count and, or V'/ f~controlled induction motor drives.

therefore, enhances reliability and ruggedness. Experimental N an attempt to reduce the number of current sensors, load

results show that the load voltage can be reconstructed and its current reconstruction has been proposed for VSI's [10]-[12].
rms value controlled for a wide range of operating conditions Applying the duality principle, it is possible to reconstruct
with errors of at most 4%. Moreover, the use of the space-vector the load voltages in a CSI. This reduces the number of

modulation technique ensures a reduced load voltage harmonic It - t based dc-link ¢
distortion, which remains within the 5% range at nominal voltage sensors In current-source-base C-link- converters,

voltage and for all load conditions. The paper presents the DSP Which normally require two or more load voltage transducers,
algorithms required for the operation of the system and key in addition to the dc voltage sensor used for protection
experimental results obtained on a three-phase 208-V 60-Hz purposes.
2-KVA prototype unit. This paper proposes a digital signal processor (DSP) based
Index Terms— Current-source inverter, space-vector pulse- voltage control scheme that requires only information provided
width modulation, voltage control, voltage reconstruction. by the dc-bus voltage sensor. Load voltage estimation is based
on ac line voltage reconstruction by means of information
available on the dc bus and knowledge of the PWM gating

) attern. To achieve this, the CSI dc-link voltage is sam-
T HE most common three-phase power supplies use topog?

I. INTRODUCTION

) i ‘ X ed and, in combination with the gating information of the
gies based on an intermediate dc link and on the voltaggiiches, is used to reconstruct the load voltage waveforms.

source inverter (VSI) topology [1]. The VSI implementationy corresponding load rms voltage is computed and used as
is simple because the power circuit can be operated over Nig,eqhack variable to control on a continuous basis the load
full load frequency/voltage range without major restrictions O%Itage. The resulting system minimizes the transducer count,
the gating signals and c_:onng_eration of the nature of the_ Io%ich enhances system ruggedness. Moreover, the use of the
However, the VSI has intrinsic weaknesses, among whichd§ace vector modulation (SVM) technique results in reduced
the highdv/dt waveforms applied to the load. Furthermorgp, voltage harmonic distortion for all operating conditions,
sustained power regeneration is not possible when a diqg),ding no-load operation. This paper presents the DSP algo-
bridge front-end rectifier is used. _ rithms required for the operation of the system. Experimental
Current-source inverter (CSI) topologies, on the other handg its on a three-phase 208-V 60-Hz 2-kVA prototype inverter
apply sinusoidal voltages to the load [2]. However, restrictionge inclyded to demonstrate the feasibility of the algorithms

are imposed to the gating patterns, which can be met withygq eyaluate the static and transient performance of the system.
fixed pattern [3]-[5]. Although the output current pattern can

be optimized, transient response in this case is slow, since the
[I. DESCRIPTION AND OPERATION OF THE
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Fig. 1. Power circuit of a PWM CSl-based power supply system.

The thyristor rectifier regulates the level of the dc-linkrequency(f,) are used by th&VM algorithmto produce the
current(z4.), by adjusting the dc rectifier voltages...). In  gating signals applied to the C8bwy, k =1, ---, 6). The
steady state, the dc rectifier voltage..) equals the dc CSI DSP system samples the dc voltage (inverter sige) and, by
voltage (viny ). The dc-link reactor Ly.) absorbs the voltage using the available switching information, tliestantaneous
harmonics produced by the phase control operation of thee voltage algorithmand the line voltage reconstruction
rectifier and the PWM operation of the CSI. Therefore, thalgorithm reconstruct the load voltage waveforms. This last
combination of both the thyristor rectifier and the dc-linkalgorithm assumes that the actual load voltages are sinusoidal
inductor appears as a current source to the CSI. The maiaveforms of the formu; - cos(27 f,t) + b; - sin(2x f,t) and
function of the CSI is to produce three-phase PWM linealculates the coefficien®s; = [a; b;]L (i = 1, 2, 3) based on
currents(i, ), with minimum harmonic distortion. The imple-a recursive least-square error (RLSE) approximation method
mentation of PWM techniques in CSI’s requires unidirectionfl 3]. Finally, the rms voltage estimation algorithrases the
switches with reverse-blocking voltage capabilities, such as tbeefficientsé; to derive on a continuous basis the rms load
diode—bipolar junction transistor (BJT) combination. Finallyoltage (¢,.,s). These algorithms are further explained in the
the capacitive load filte{C,) absorbs the current harmon-next section.
ics generated by the PWM CSI operation and defines theThe second control loop is the dc-link current contrql. |

sinusoidal voltages applied to the load. Fig. 2(b)]. The associated control circuitry is implemented
using an analog approach. A PI controller sets the delay angle
B. Control System (a) such that the dc-link currentiy.) is equal to the dc-

: . . link current referencdia., r.r). In other words, the rectifier
The control strategy (Fig. 2) is based on two independe oduces a dc voltagéu..) that, in steady state, always

Iqops: 1) the rms load voltag®:.,) and 2) the dc-Iin!< current' matches the dc voltage produced by the CSI PWM operation
(i4c) loops. The rms load voltage control loop [Fig. 2(a)] is,

entirely implemented by means of a TMS320C30-based D %m)'

system (Fig. 1). Aproportional integral (PI) control algorithm

sets the modulation index of the C&Wi,, ) such that the rms Ill. L OAD VOLTAGE RECONSTRUCTION

load voltage(#,.,,5) is equal to the rms load voltage reference To control on a continuous basis the rms load voltage,
(Vrms, rer ). The modulation indexMi,., ) and the desired load an RLSE algorithm is used to reconstruct the load voltage
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Fig. 2. Block diagram representation of the power supply control strategy: (a) load rms voltage control loop and (b) dc-bus current control loop.

waveforms and an averaging algorithm to derive the rms loéallows:
voltage at every sample instant. This quantity is then used in
the feedback loop [Fig. 2(a)].

A. Formulation of the LSE

The data available are the sampled voltage on the dc- .
link CSI side(vim), the available switching state information

(ka, k‘ = 1

@1(tk) If}ab(tk) = a1 COS(27Tfotk) + b1 Sill(27rfotk)
@Q(tk) :@bc(tk) = as COS(ZWfOtk) + ba Sin(27rf0tk)
3(tr) =0ea(tr) = a3 cos(2m foty) + bz sin(2m foty)

where
Ui (tw)

b; = [a; b;]"

sin(27 f,tx), cos(2m f,tx)

Theinstantaneous line voltage algorithassumes zero load pieces of the load voltages, and they are conveniently repre-

reconstructed

(t=1,2,3);
coefficients to identify;

(1)
(2)
®3)

, 6), and the space-vector sinusoidal tem-

—Viny (tk) 5
Umv(tk)
—Viny (tk)7

) Vea(tr) =
) vee(tr) =
) Vau(tr) =
) Vea(tr) = Viny (tr);
)) vie(tr)
) vab(tr)

Il
&
g
~~

T
o
~—

Given the absence of information, the two voltages that

remain equal to zero are approximated by (1)—(3) (whichever
applies) in a last stage of thestantaneous line voltage algo-
rithm. For instance, ifSw; and Swq areoN, thenw.,(tx) =

—Uiny(tr), @ndug (t) andwvy. (£ ) remain equal to zero, which

are approximated using (1) and (2).

In this case, the last

stage of the algorithm uses the coefficieats b;, a2, and

load voltagesp, obtained in the sample instatit_;. If all the switches are
OFF, then the identification process is skipped and the rms load
voltage loop is implemented based on the rms load voltage
sinusoidal templatesf(: load obtained in the sample instaff_;.

frequency).

The voltagesvqs(tr), vpe(ts), and v.(#;) are the actual

voltages as initial conditionv,,(tx) = 0, v,.(tx) = 0, and sented by

Vea (tk) =

the instantt (viny (1)) corresponds to one of the actual load
line-to-line voltages according to the statusN(or OoFF) of

the CSI switches. This assignation, which is also implemented
in the instantaneous line voltage algorithin Fig. 2(a), is as

0). On the other hand, the sampled dc-bus voltage at

(4)
(5)
(6)
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On the other hand, the reconstructed load voltages (1)—(3) AW(ty_1) © 0
can be written as WEn) = oo, (12)
~ A
8i(tr) = NT (t)6i(t2) (7 0 !

where NT () = [cos(2r fots) sin(2r fots)] Replacing (12) in the coefficients expression (10) yields

After N samples, the reconstructed load voltages (7) caéa(tN)

be written as = {MIMY (tn )W (En_1)M(tx_1) + N(tEn)NT (E4) )1
Yi(tn) = M(tx)i(tn) ) X PAMT (En- )W (tv—1)Yi(tv—1) + N )wi(tn) )
N 13
where Yi(tn) = [(t) - G(tIT and M(ty) = ) B
[NT(¢t;) --- NT(ty)]*. Also, after N samples, the actual In addition, the propagation matri(tx) is defined as
load voltages can be expressed as P(tn) = MY (tn)W(ty)M(tx))~L. Thus, the coefficients

(10) can also be written as

Yiltn) = [wi(t) -y, (9) A
() =utt) - ilow) Bi(ty) = P )MT ()W) Yilty)  (14)

In Appendix A, the LSE solution of (8) that includes the o
weighting matrixW (¢ ) is derived [13]. Thus, the resulting@nd from (13), it is found that

expression for the coefficienés(tx) after N samples is P l(ty) = AP Ytn_1) + N(tn)NT(ty).  (15)
0:(tn) = {MT (tx)W (tn)M(tx)} L Thus, using (14) and (15), the coefficients (13) can be
x MY (¢ )W (tn) Yi(ty). (10) expressed as

The weighting matrixW (¢ ) defines the dynamic responsgi(tN) . .
or tracking capability of the identification algorithm [13]. An  =6;(tx—1) + P(tn)N(EN){wi(ty) — NT(En)0i(tn—1)}-
alternative form to allow fast response is to weight more the (16)

latest data. ThusW (¢x) is chosen of the form . _ _ _ .
_ The resulting expression (16) is a recursive expression on

N—-1
A _ 0 0 6; which requires the matriP(¢y); therefore, the inverse
Wi(ty) = : R (11) of the matrixM7T (tx )W (tx)M(ty) at every sample instant
0 At o should be calculated. Fortunately, this operation is avoided
0 e 001 sinceP(¢x) can also be expressed recursively (Appendix B)

where ) is the forgetting factor and must be < A < 1. &5

Note that\ = 1 implies that all the sampled data are equallyP(# v )
weighted, and\ < 1 that only the latest data is used. . ANT (1 .

In real-time applications, the expression for the coefficients= {P(tl\’—l) - P()\t]:r_ll\?TN(itA N (e )Pltv-1) }1 17)

o . N)P(tn_1)N(tn) A
(10) can be further simplified ifM(ty) and Wi(ty) _ _ . _ _
are fixed. This is the case when the number of samplestinally, using (17), the coefficients (16), implemented in the
(N), the forgetting factor(\), and the load frequencylme voltage reconstruction algoritham Fig. 2(a), are
(f,) are not time dependent. Under these conditions, the A P(tn_1)N(tN)
factor {M7 (£ )W (ty )Mty )} "M7(tx)W(ty) becomes  0(tw) =0iltn—1) + 3o 5B NGy
constant and, therefore, could be precalculated and stored T i
off-line. Thus, (10) could be solved on-line with a minimum “Awiltn) = NTE)O v 1)) (18)
number of operations. However, the above conditions are notThe forgetting facto defines the weighting matri¥ (¢ ')
present in the proposed applications (i.e., when the numbereoid, thereby, the stability and the speed of the identification
samples(N) or the load frequencyf,) are changed during algorithm [13]. In fact, a high valu¢\ = 1) provides good
operation). Therefore, an RLSE algorithm is preferred. Thustability; however, the algorithm has poor tracking capabili-
(10) is solved on-line with a minimum number of operationties. Therefore, stability and dynamic response as a function
and without requiring precalculated and stored data. of A are important design issues which are experimentally
addressed in Section VI.

B. Formulation of the RLSE .
In order to find a recursive algorithm to solve (10), thg' Formulation of the RMS Voltage

matricesM(¢x), Y;(tn), andW(ty) are arranged as To control on a continuous basis the rms value of a
M(ty 1) sinusgidql vyaveform [such as (1)—(3)], an instantaneous rms
M(ty) = |- AU quantity is introduced. Thus, the rms value o_f _eacAh recon-
NT (tx) structed componenty;, ..ms) based on the coefficien® =
[a; b:;]7(i = 1, 2, 3) is defined as
Y (tn-
Yz(t]\):[(]\l)] i :\/af—i-bf' (19)
Ui (tN) 7, IS \/i
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PXh o i X filter reactancd X. = 1/(27 f,C,));
v X load reactancéX; = 2rf,L,);
- K, harmonic gain of the PWM controllgfunction of
: Minv);
i, Y Vo == -J};Xc R é h harmonic order.
' - To simplify the calculations, a first approximation is to
Zn assume that the dominant voltage harmoris ;) are con-

I centrated at the switching frequen¢y.,, = n - f,) and with
an equivalent maximum amplitude given by

idc Xc
V2 n
where n is the normalized switching frequency. By forcing
the load voltage harmonit), ,, to be at most equal t&..
<+> v of its fundamental (i.e.V, , = kacV}, 1, Where, for instance,

k.. = 0.05) and by using (22) and (24), the filter reactance
is calculated as follows:

X=X+ \/X12 + (ka,t:-Z\4inv-[(1n)2 - L (25)

(b)
Fig. 3. Equivalent circuits: (a) CSI ac side including capacitive filter an i
load and (b) dc-link model fok’ = 6, 12, - - -, < fsuw/ fo. B. DC-Link Current Reference
The nominal dc-link current reference expressi@n., rer)
that ensures the operation of the CSI at the given modulation

Therefore, the actual instantaneous rms load voltégs ) index (M) can be derived from (22) and (25). Thus

based on the above expression, implemented inrttsevoltage

estimation algorithmin Fig. 2(a), can be defined as V2 o1 X, 1
idc, rel — T 1-2 -~ + —5- (26)
R N 1 3 X 1 /ag _’_bzg Minv Kl Ac )&3
VUrms = 5 ’ Zyi,rms = 5 ’ Z T (20)
i=1 i=1 C. DC-Link Inductor

The thyristor rectifier and dc-link inductofL,.) act as
a current source to the CSI. Therefore, the dc-link inductor
should be designed to absorb the voltage harmonics produced
by both the front-end rectifier and the PWM CSI operation.
These capacitors are designed to achieve a desired lgadpractice, it is sufficient in the design to consider the
voltage quality by limiting its harmonic peak to a given valuesixth voltage harmonic produced by the thyristor rectifier and
Since the CSl is gated using an SVM, a PWM type of lingeglect the high-frequency harmonics produced by the CSI,
current pattern is expected. The per-phase model of the CSlg to their limited influence on current harmonics.
side andRL load shown in Fig. 3(a) is assumed. Therefore, Fig. 3(b) shows a simplified equivalent circuit of the dc link.

the normalized impedance of the filter and load for a givethys, the sixth harmoni¢h’ = 6) in the dc current becomes
harmonich is

IV. DESIGN GUIDELINES

A. Load Filter Capacitors

1 VUrec, 6

ide,6 = = . 27

%] = X L+ AP - (21) TG L °

"o X2 =22 Xc X+ 22+ h2Xy(h? - 1) Therefore,
and, since the ac CSlI line current harmonic can be expressed Lo o 1 trece 1 kaVs (28)
by i, n = MmVKhz‘dC/\/?, the load phase fundamental volt- =g tde, 627 fs 6 tde, 627 f
age componenth = 1) becomes
where
Minv . Xc
V1= Kiige (22) ko constant that depends upon the delay arfgle

V2

and the load phase voltage harmonic componémis;),
assuming they are at high frequenciés> 1), are given by

VX2 -2X.X;+1 2 Vs, supply line voltage;

ide,6  SIXth current harmonic;

5 ac supply frequencyf, = 60 Hz);
Urec,6  SIXth rectifier voltage harmonic.

v K, X (23) Finally, by limiting the sixth current harmonic to g, of

Sy

Pl = g e Ty the dc nominal value (i.eige, ¢ = kaciac, Where, for instance,
where ka. = 0.1), it is possible to derive from (28)
M. CSI modulation index; L. kaVs (29)

K ac gain of the PWM techniqugk; = 1 for SVM);  12kgen fsiae
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time vector
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Fig. 4. Flow chart of the algorithms running on the PC and DSP systems.

D. Design Example V. CONTROL STRATEGY IMPLEMENTATION ASPECTS

To illustrate the use of the design guidelines and equations,The control strategy is implemented on a three-phase 2-kVA
a design example is presented. The load specifications Eeoratory prototype (Fig. 1) to verify its feasibility, to confirm
a follows: S = 2 kVA, V = 220 V, f, = 60 Hz, and the validity of the design procedure presented in Section

cos(¢) = 0.8 (lagging). Thereby, the base values are d¥ and to evaluate its static and transient performance. The
fOllows: Vipee = 127 V, lyee = 5.3 A, Zpoee = 24.2 Q front-end converter is a thyristor-based rectifier and the PWM

and fi... = 60 Hz. The converter operates at the nominatS! uses a diode-BJT combination as unidirectional power

o N : . switches.
'modulat|0n indexViu _.0'8' With this value, the. convertgr A digital system based on the TMS320C30 DSP board has
is able to supply, theoretically, a 20% overload without falhng

. dulati A lized switching f een used to implement the control strategy. Fig. 4 shows the
into overmodulation. A normalized switching frequenty) four main routines used to implement the rms load voltage

equal to 42 is chosen, based on practical considerations, syefynstryction and control algorithmRoutine Aruns on the

as switching losses. Thus, from (23] = 2.08 pu, therefore, post pC and allows the on-line communication with the DSP
Co = 52 pF = 50 pF and, from (26)iac,vet = 1.44 pu=7.6 poard through an user interface. Thus, the set points of the
A. On the other hand, the rectifier operates at the nominal del@ys and frequency of the load voltage can be modified as well
angle () of 30° (k. = 0.2). Therefore, from (29 4. = 25.6 as monitored in real timeRoutines B, Cand D run on the

mH = 25 mH. DSP board. SpecificalljRoutine Bmodifies and monitors the
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TR1: 2.00 V= . TR3: 2.00 V= TR1: 2.00 V= . TR3: 2.00 V=
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Fig. 5. Reconstructed line load voltage for different forgetting factors Eig. 6 _Reconstructed load voltage and dc voltage for different CSI modula-
TR1: A = 1.00. TR2: A = 0.97. TR3: A = 0.90. TR4: A\ = (.80. tion indices (M;,. ). TR1: reconstructed load voltageé,, @M,y = 1).
Experimental waveforms foiny = 0.95, iqe = 4 A, fsw = 2.52 kHz, TR2: dc voltage (viny @My = 1). TR3: reconstructed load voltage
and f, = 60 Hz. (Dap @Miny = 0.55). TR4: dc voltagd viyy @My, = 0.55). Experimental
waveforms forA = 0.97, ig. =4 A, fsw = 2.52 kHz, andf, = 60 Hz.

rms and frequency of the load voltageputine Cexecutes

- - : TR1:2.00 V= 2.00 ms/div TR3:2.00 V=
the reconstruction, control, and SVM algorithms, @&wltine TR2: 200 V= TR4: 200 V=
D sends the gating signals by means of the serial port of } ~ L—r~0 """ || | /
the microprocessor. Experimental tests showed that, with a pfg; r/ ]
minimum sample period of 12@s, there is enough time to | //
run the totality of routines required by the DSP system. ]

The gating signals are digitally generated using the SVM WWWWWWW
technique. This technique is preferred because of the straight- iz
forward implementation in digital systems. The SVM algo-
rithm selects three switching combinations of the converter [ =
and their respective on times every sample time. The selection / N
and on-time calculations are based upon the instantaneousf /'
modulation index §/;,,,) and sin and cos templates [Fig. 2(a)]. /
The switching combinations are then sequentially applied to |
the CSI [7]. The algorithm also generates and distributes the | MW S n
shorting pulses that are needed when zero line currents on they ”UU I UUV' UUU
ac side of the CSI are required. - AP B 0

Fig. 7. Reconstructed load line voltage and dc voltage for resistive and
VI. EXPERIMENTAL RESULTS no-load conditions. TR1: reconstructed load voltages, resistive load,

. ﬁ = 33 W). TR2: dc voltage %, resistive load,R = 33 W). TR3:
Many experimental tests have been performed to prove fResnstructed load voltages, no-load. TR4: dc voltage(viyy, no-load.

feasibility of the control strategy based on the load voltag&perimental waveforms fok = 0.97, Mi,, = 0.95, iqc = 4 A, fo = 60
reconstruction algorithm. Steady-state tests to determine fig adfew = 2.52 kHz.
accuracy and waveform quality are included (Figs. 5-11).

Transient tests to demonstrate the tracking capabilities @iy, 5. Small values of (i.e., A = 0.80) lead to numerical
the closed-loop control strategy are also presented (Figs.Astabilities (Fig. 5, TR4), which are not present (Fig. 5, TR1)

and 13). at high values of\ (i.e., A = 1.00). However, to improve the
_ _ tracking capabilities, a small value of is, indeed, required.
A. Voltage Reconstruction Algorithm Performance From the experimental tests, a forgetting factor= 0.97 is

The performance is investigated as a function of the foselected.
getting factor()), the CSI modulation indekM,, ), the ratio ~ 2) The CSI Modulation Index(M,,) is used to control
of the switching frequencyf..,) to the load frequencyf,), the load voltage while the dc-link currefit..) is kept constant.
and load type. Fig. 6 shows the reconstructed lo&d,;) and CSI dc-link

1) The Forgetting Factor:(\) defines the stability and (vinv) voltages for two different modulation indices. For low
tracking capabilities of the algorithm. The reconstructed loadodulation indices, the shorting pulses applied to the CSI
voltage waveforms for various values af are depicted in become wider. Consequently, the CSI dc-link voltage presents
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TR1: 200 V= , TR3: 200 V= Deviation, %
TR2: 8.00 A= 2.00 msldiv TR4: 4.00 A= 0o

i W‘ﬂ WW WWWT 0% T° "Sopaccuracy g T

-10% t

T e
: TV AR 5

A40% T+

3

/o
——: 60Hz 2520Hz 42
—a—:90Hz 2520Hz 28

——: 30Hz 1260Hz 42

f

SW sw

» ] 50% <+
{TR3 ™~ . 50%

-60% T

] 70% T
j )

] -80% T

/’A\

ark
|
\

CSI modulation index, M;,y

-90 % t t + + + + + + t
02 03 04 05 06 07 08 09 10

Fig. 8. Steady-state waveforms. TR1: dc voltage,.). TR2: CSI ac
line current(i,q). TR3: load line voltage(v,,). TR4: load line current . N .
(in). ExperiEnentaI waveforms for closed-lgo;)) operation and= 0.97, Fig. 10._ Rgconstructed rms Ipad volta(ggms)accura_lcy as afunctl_on of the
o =120V, ige = 4 A, fo = 60 Hz, fow = 2.52 kHz, R = 20 O modulation index(Min. ) for different load frequencie§f,). Experimental

and I = 36 mH. 1o s T " results forA = 0.97 andig. = 4 A.

_ . _ This ratio, therefore, affects the accuracy of the algorithm.
TR1: 200 V= . TR3: 200 V= , , )
TR2: 2.50 A= 500 Hz/div TR4: 2.00 A= In fact, this ratio should be kept constant to obtain constant
accuracy. However, there is a maximum attainable switching
frequency defined by the nature of the power switches and a
] minimum value required to avoid potential resonances between
—n menlbersen ] the load capacitive filter and the load itself. Fig. 10 includes
l ] the accuracy obtained for differeffit,, / f, ratios. As expected,
Rz ] when the ratiofs,,/ f, is constant (i.e.fs./f. = 2.52 kHz/60
; m‘m o ] Hz = 1.26 kHz/30 Hz= 42), the accuracy is approximately
constant (for modulation indices higher than 0.55). On the
; ] contrary, for lower ratios offs./fo (i.€., few/fo = 2.52
R ] kHz/90 Hz= 28), the accuracy is deteriorated. Note that if the
C ] switching frequency is kept constant, the accuracy increases
as the output frequency decreases.
4) The Load Type:Fig. 7 shows the reconstructed load and
] CSI dc-link voltage waveforms for a resistive load and at
N N ] no load. Experimental tests demonstrate that accuracy is not
_ ~ dependent on load type. This results from the fact that the
Flg. 9. _Steady-state sp_ectra. TR1: dc volta(gg.w).' TR2: CSI'ac line information aVaiIabIe in the dC'Iink Voltage (F|g 7. TR2
current(i,, ). TR3: load line voltagd v, ). TR4: load line currenti,). Ex- . . -
perimental spectra for closed-loop operation ang: 0.97, vms 1o = 120 @nd TR4) remains approximately constant, regardless of the
V, ige =4 A, fo =60 Hz, fsu = 2.52 kHz, R =202, andL = 36 mH. |oad type.

TR1

TR4

wider zero voltage pulses (I_:lg. 6, TR4). Unfortunately, durmg_ Static and Transient Performance

zero dc voltage pulses, no information on the load voltages is _

available in the dc link. Therefore, at low modulation indices, 1) Steady-State Performanc&ey experimental wave-
low accuracy of the reconstructed load voltage is expected.fiims are shown in Fig. 8 for a steady-state operating

this paper, the deviation (Dev%) is defined as condition. Fig. 9 shows the corresponding spectra. Also,
e —w Fig. 11 shows the load voltage harmonic distortion (THD)
Dev% = —=—""2.100. (30) for Sieaa = 750 VA and for no-load conditions as a function
Vrms of the load rms voltage. The THD is defined as
Fig. 10 shows the deviation of the reconstructed rms load

oo

voltage versus the CSI modulation index for several operating THDY% — 100 Z )2 (31)
points. For modulation indices smaller than 0.55, the deviation " Upms. 1 rms, h

becomes larger than 5%, and it increasesifg, decreases, ’ =2

as expected. From the experimental results, it can be observed that; 1)

3) The Ratiofsw/f,: The number of zero voltage pulseshe line current (Fig. 8, TR2) is of the PWM type and, thereby,
in the CSI dc-link voltage is proportional to the ratfg,,/f,. the harmonic components are at the switching frequency and
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Load Voltage THD, % TR1: 1.0V= . TR3: 200 V=
TR2: 50 V= 50 ms/div TR4: 4.00 A=
30 % SEERERAREE RARRE RAREE DAREE RAREE RARAN RAREE RRRRE RN
A
A ® 8,a=7T0VA@ V,,.= 120V e N
25% T F
A No load
20% 1 s A
: N
AN |
AR AARAARAAAALR AN
ol il VV UU AR AR
0 " 4
5% T - TR4 //MN‘NM
Load Voltage, v
rms
0% } t } } t t
0 20 40 60 80 100 120 Fig. 13. Load voltage reference ramp-down. TR1: load rms voltage reference

(Vrms, ref ). TR2: load rms voltage é,ms). TR3: load line voltage(v,y,).
Fig. 11. Load voltage THD as a function of the load rms voltégen.). ~1R4: de-link current(iq.). Experimental transient response for= 0.97,
Experimental results for closed loop and= 0.97, ige = 4 A, fo = 60 Vrms,ref = 120 = 70V, igc =4 A, f, =60 Hz, andfsw = 2.52 kHz.
Hz, and fsw = 2.52 kHz.
increases under no-load conditions as the filter absorbs the
total harmonic content of the PWM current (Fig. 11).

TR1: 1.0 V= 100 ms/di TR3: 200 V= 2) Transient PerformanceTransient waveforms of the
TR2: 50 V= msidiv TR4: 4.00 A= . , S

[ e e e ———  Closed-loop operation are depicted in Figs. 12 and 13. The rms
r PSR AV IO 1 load voltage reference describes a ramp-up (Fig. 12, TR1) and
iR ] 1 ramp-down (Fig. 13, TR1) trajectory, respectively. It can be

E L 1 seen that: 1) in both cases, the actual rms load voltage tracks

the references (Fig. 12, TR2 and Fig. 13, TR2); 2) the steady-
_ mmmwm state error is minimized by the integration action of the rms
[ g ,__.// 1 load voltage controller; and 3) the dc-link current presents an
[ L~ { undershoot (Fig. 12, TR4) and an overshoot (Fig. 13, TR4),

1 respectively, during transient conditions. These are corrected
by the independent dc-bus current controller.

VIl. CONCLUSIONS

This paper has demonstrated the feasibility of a DSP-based
load voltage control scheme for a CSI suitable for a general
power supply. The transducer count is reduced and ruggedness
therefore increases. The load voltage estimation is based on
load ac voltage reconstruction by means of an RLSE algorithm
Fig. 12. Load voltage reference ramp-up. TR1: load rms voltage referer}e’@iCh uses the information available on the dc-bus voltage
(Vems, ref)- TR2: load rms voltagd 9:ms). TR3: load line voltage(v,;). and acknowledgement of the CSI switching information. Ex-
TR4: de-link current(iq.). Experimental transient response ®or= 0.97,  perimental results show that the algorithm features an error
Vrims,vef = 70 = 120V, dae =4 A fo =00 Hz, andfew = 252 kHz. ¢ o oot 496 for modulation indices higher than 0.55. The

gating pattern is generated by an SVM that provides low load
multiples (Fig. 9, TR2); 2) the current harmonics featurgoltage harmonic distortion. In fact, at nominal load voltage
amplitudes lower than the fundamental component whiethd under worst case conditions (no load), a distortion of 5%
validates the design guidelines of the load filter (Fig. 9, TR2)s obtained. The short execution time (of the order of 120
3) the load voltage (Fig. 8, TR3) has very low ripple due to thgs) of the DSP algorithms allows switching frequencies up to
PWM nature of the line current and proper filtering action a8.3 kHz, which falls in the range of typical medium-power
the capacitive filter (THD%= 3.5% @ Si..a = 750 VA and converters. This paper includes the experimental results that
vrms = 117, Fig. 11); 4) there is an increase in the THD at lovdemonstrate the feasibility, accuracy, and tracking capabilities
load voltages due to the lower modulation index required tf the algorithm. The data are obtained on a three-phase 2-kVA
control the voltage (Fig. 11); and 5) the harmonic distortio€SI laboratory prototype.

PO
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APPENDIX A
NONRECURSIVE LSE
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Finally, postmultiplying (A9) byP(¢x_1) and reorganizing
terms, we obtain

The scalarJ;(i = 1, 2, 3) is defined as the accumulatedp(tN)

square error afte?v weighted samples as

tn

> wlte)ilte) — %i(te))”

t =11

J; = (AL)

where w(ty) is the weighting coefficient0 < w(t;) < 1).
Equation (A1) can be written as

T = {Yi(tn)=Ya(tn) W (N Yi(tn) - Yi(tn) ). (A2)
Considering thalY;(tx) = M(tx)0:(tn), (A2) yields

Ti =Y ()W (tn)Yi(tn) — 207 (t3)MT (En )W (ty)

X Yi(tn) + 65 (tn )ME (t 0 )W (tn )M (EN)6; (En).
(A3)
In order to minimize the errod;, (A3) is differentiated

with respect tod;, which gives

aJ;
— = oMYty )W (tN) Yt N
BBrien) (tn)W(EN)Yi(tN)

+2MT (tn )W (En)M(En)0i(tn)  (A4)

and to obtain the coefficients that minimidg (A4) is equated
to zero, which yields
0i(tn) ={M" (tx)W (tx)M(tn)}

X MT(tn )W (tn) Yi(tn)- (A5)

In order to prove that the above solution represents

minimum, the second differential of is analyzed. From (A4),
we obtain

9%,
920;(tn)
Since w(t;) are all positive, ML (tx )W (tn)M(txn) is

= 2M* (t N )W (tn)M(ty). (AB)

semidefined positive [13] and, therefore, (A5) is the solutior?]

that minimizes.J;.

APPENDIX B
PROPAGATION MATRIX CALCULATION

The propagation matriP (¢ ) satisfies

P~ (tn) = AP H(tv-1) + NN (tr). (A7)

Premultiplying (A7) byP(¢x) and then postmultiplying by

P(ty_1)N(ty), we obtain

P(tn—1)N(tx)
A+ NT(tN)P(tN_l)N(tN)

= P(ty)N(ty).  (AB)

Postmultiplying (A8) byN®'(¢5) and using (A7) yields

P(tn—1)N(En)NT(ty)

X+ NT(ty)P(tn_1)N(ty) I— AP(tn)P Y (tn_1).

(A9)

1

X{P(tz\’l) -

P(tn—1)N(EN )N (tN)P(En-1) }
A+ NT(tN)P(tN_l)N(tN)
(A10)
Note that the facton + NT(¢5)P(ty_1)N(ty) in (A10)
is a scalar. Therefore, (A10) allows us to calculate recursively
the propagation matrix®P(tx) without requiring a matrix
inversion.
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