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Synchronous-Frame Harmonic Control for
High-Performance AC Power Supplies

Paolo Mattavelli Member, IEEE

Abstract—in order to achieve the reduction of voltage distor- voltage due to nonlinear loads can be still quite high, especially
tion in ac power supplies (ACPSs), this paper describes an imple- in high-power applications.
mentation of synchronous-frame control for selected frequencies Extensive research has also focused on different implemen-

in the output voltage. The regulation of the fundamental output . " . .
voltage, as well as that of some low-order harmonics, is achieved tations of repetitive-based controllers [1]-[3], which are aimed

using a synchronous-frame controller for each selected frequency tQ eliminate pgriodic di_s_turbances, S_UCh as those deriving from
in addition to a conventional control. The conventional part con- diode and thyristor rectifiers. Under different degrees of approx-
serves good dynamic performance under load changes, while ro- imation, they ensure high-quality sinusoidal voltage in spite of
tating-frame controllers allow a slow, but very precise compen- ,qjinearities in the load. A different solution has also been

sation of the residual errors within the assumption that the har- din 141 wh lected h . db
monics produced by distorting load are slowly varying. Moreover, proposed in [4], where selected harmonics are measured by a

motivated by a fixed-point implementation, a set of refinements discrete Fourier transform (DFT) and compensated by integral
and modifications of the original scheme is proposed, allowing are- controllers. As noted in [3], the scheme proposed in [4] does
duction of signal processing requirements and a new control algo- not allow unbalance compensation and its transient response is
rithm structure less sensitive to quantization and rounding errors. strongly limited by DFT filtering.

This solution is particularly effective for high-power fully digitally . . o
controlled ACPSs, where the voltage loop bandwidth is usually not Following the reasoning of repetitive-based control schemes

large enough to provide regulation at harmonic frequencies. The and extending the approaches proposed in [4] and in [16],
proposed control scheme has been implemented using a fixed-pointthis paper discusses the implementation of synchronous-frame
single-chip digital signal processor (ADMC401 by Analog Devices). control for some selected frequencies in the output voltage. As-
Experimental re_sults on a 3-kVA three-phase converter prototype suming that the load current harmonics si@wly varying the
show the effectiveness of the proposed approach. .
_ _ regulation of the fundamental output voltage, as well as of some
Index Terms—Synchronous-frame control, uninterruptible  selected harmonics, is achieved using a rotating-frame con-

power supplies, voltage control, voltage-source inverters. troller [16], [20], [21] both for positive- and negative-sequence
components of selected frequencies (for example, fundamental,
l. INTRODUCTION 3rd, 5th, 7th, 9th, and 11th components) in addition to a con-

ventional control, which ensures good dynamic performance
Under load changes. Moreover, motivated by a fixed-point
gnplementation, a set of refinements and modifications of the
ﬁginal scheme is proposed, which allows a reduction of signal
rocessing requirements by using equivalent stationary-frame

N o egulation for the fundamental positive- and negative-sequence
due to switching frequency limitation, the voltage loop ban

dith tb del ht te for h “omponents [14], [15], [19]. To control voltage harmonics,
width cannotbe made large enough to compensate for NarMofiGe .y - an innovative algorithm structure, which is directly

frequencies,_so that an expensive overrating of the OquUt ﬁ“i%rlated to repetitive-based solutions, is proposed, being less

may be required in order to redu_ce the output VO"ag? d'Stort'oébnsitive to quantization errors. Experimental results from a
In the attempt to overcome this problem, sevgral h|gh—perfc§: VA three-phase converter prototype using an Analog De-

mance feedback control schemes have been investigated, HERS fixed-point digital signal processor (DSP) (ADMC401)

as deadbeat control [9], [10], sliding-mode control [11], optim how the feasibilit ffecti fth h
state feedback [12], and many others [13]. Although these tec low the feasibility and effectiveness of the proposed approach.

nigues are able to ensure very good results under Iarge-sigr'ﬁl
disturbances, the total harmonic distortion (THD) on the output
The block diagram of the synchronous-frame control for
the output stage of an ACPS is shown in Fig. 1, where the
three-phase voltage-source inverter (VSI) is assumed to be
Paper IPCSD 01-006, presented at the 2000 Industry Applications Socigtithout neutral wire; the forthcoming description, however,
Annual Meeting, Rome, Italy, October 8-12, and approved for publication Fqn pe eas”y extended also for three-phase four-wire systems
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Converter Committee of the IEEE Industry Applications Society. Manuscrifﬂr or single-phase systems. Moreover, any possible difreren

submitted for review August 1, 2000 and released for publication February Zzmnfiguration of the VSI output filter can be included, such as

2001. the case where an insulating transformer is needed. Finally,
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HE limitation of voltage distortion in ac power supplie
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Fig. 1. General scheme for the voltage control of positive and negative components at selected frequencies.

an ACPS, the rectifier input stage is not discussed in this paperThe block diagram shown in Fig. 1 represents only a general
but the effects of dc-bus variations on the proposed solution a@ution which ensures compensation of the selected harmonics
described in Section VII. independently of any hypothesis on load symmetry. For specific
Following the scheme of Figs. 1 and 2(a), output voltageads, such as three-phase diode or thyristor rectifiers, simplifi-
errors é,5 (€as = ¢eo + Jjeg) In () coordinates are cations could be adopted since, for example, the 5th harmonic
first converted into synchronous reference frame quantitibas only negative-sequence components and the 7th harmonic
Ent (Eny = eart + Jegrt), Ex— (Ex— = ear— + jequ—) hasonly positive components. Moreover, both harmonics derive
using both positive-(dgk+) and negative-sequence transfrom the 6th harmonic in thég fundamental reference frame,
formations(dgk—) rotating at angular frequendd. = kws so that only one regulator could be used for both harmonics.
(ie., &y = %&,4,8 = e7%&,5) wherek is the Given the generally unpredictable behavior of UPS loads, such
order of the generic harmonic to be compensated@ands assumptions are not considered here.
the line angular frequency. All synchronous reference frameEven for the generic case, some simplifications of the theo-
errors (eqn+,equ+,cau—,€qb—) are then compensated byretical scheme of Figs. 1 and 2(a) are possible [16]. First, it is
regulatorsReg;,, which ensure zero steady-state errors faasy to verify that the compensation of both positive- and neg-
each positive- and negative-sequence harmonic componetitze-sequence harmonic components for a generic harmonic
Of course, any possible homopolar term coming from the equivalent to the synchronous demodulation ofdifecom-
connection of the load neutral wire to the star point of thponents, shown in Fig. 2(b), as long as all regulal®es;, in
output filter capacitors cannot be compensated by the VSI kig. 2(a) and (b) have the same transfer function. Secondly, even
the configuration shown in Fig. 1. Then, the output of eadhe scheme of Fig. 2(b) can be further simplified when imple-
regulator (Yax+, Yg+, Yak—, Yqu—) 1S converted back to the mented in DSPs since it is equivalent [14], [15] to the scheme
stationary reference frames and possibly adding a leading angfi¢-ig. 2(c) with stationary-frame regulataf®:g;, ¢
¢1 which compensates for the delay of the remaining process.

The current references;. ,, i 5), if an internal current control Regy ac(s) . .
is used, or the VS voltage referenge;, %), if only a voltage = cos ¢x[Regy (s — jkws) + Regy (s + jkw;)]
control is the preferred choice (no VSI current sensing), are + jsin ¢x[Reg (s — jhws) — Regy(s + jkws)]. (1)

then obtained summing together the closed-loop regulations
of the selected harmonics and the contribution given by the
conventionalstationary-frame controllek,. Indeed, even if
both solutions (with and without the internal current control) The general technique described in Section Il is potentially
are possible, we focus on the former, which is advisable, @&ble to eliminate any steady-state error for the selected frequen-
particular, for overcurrent protection. cies. However, ACPS applications require specific dynamic per-

I1l. DECOMPOSITION INTHREE-LAYER CONTROL SCHEME
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Regy(s) > >< +
r Y Aiming to reduce steady-state errors, a simple and effective
choice for rotating-frame controllers is a pure integrator both for
@ Rz the positive- and the negative-sequence components
egil(s,
Ky,
Regy,(s) = —. )
Regy(s) This choice allows a direct design of parametkrg, simply
specifying the desired response time of harmonic components.
sin(0p sin(B + 6 Moreover, using transformation (1),_regu|at(Rs_gk given in
(2) can be equivalently expressed in the stationary reference
frame as
scos(¢p) — kws sin(dp)
€a ——P Regrycls) P ire Regy, ac(s) = 2K 2 0 \2 3)
s2 + (kws)

which represents aimple second-order passband filtg4],
[15], [19] with zero damping centered at the specified frequency.
It is worth noting that we did not find it useful to introduce fi-
Fig. 2. Review of equivalency between stationary- and reference-frarﬂﬁe dc gain in (2) or, equivalently, any damping in (3), even in
controllers. N . .

the presence of quantization and rounding errors due to fixed-

point implementation, since the closed-loop poles are not de-
formance, so that we found useful to decompose the theoretipahdent on the gain at the selected frequencies, butinstead at the
structure of Figs. 1 and 2 in a three-layer scheme, as reporfigi@r characteristics when the voltage open-loop gain crosses the
in Fig. 3. Indeed, requirements on dynamic performance usi+dB axis. However, it was very important to introduceaam
ally call for a very fast transient response with limited overtiwindup protectionalgorithm, which was easily implemented
shoot under load step changes and a precise and possibly $asfirating the output of the second-order filter (and, thus, also
regulation of fundamental components. The regulation of tlitg internal state variable) to the maximum value foreseen at the
harmonic components, instead, can be performed in some fdesign stage.
damental cycles as long as the harmonics of the distorting loadAs an example, let us consider the compensation of the
are slowly varying. Indeed, this kind of time-scale decomposundamental, 3rd, 5th, 7th, 9th, 11th, and 13th components
tion in the output voltage regulation seems to be a mandatarsing (2) for each rotating-frame controller (both for pos-
choice in ACPS applications, since a short settling time also fitive-sequence and negative-sequence components). Fig. 4
the harmonic components causes a crosscoupling between diforts the open-loop gain of the resultant three-layer control
ferent controllers, strongly reducing voltage regulation perfoscheme, where the proportional gaify- has been set for a
mance, especially in terms of overshoot limitation. bandwidth of 250 Hz, the desired settling time is equal to 1/4

Motivated by this reasoning, the three-layer control schenoéthe fundamental period for the fundamental components and

depicted in Fig. 3 is proposed. First, the proportional téfm to ten fundamental periods for the selected harmonics, while
ensures a high speed of response under load changes. Sedbedeading time has been set equal to two modulation periods,
the rotating-frame controllers for the fundamental componergartially compensating the delay of the current control. First,
have been separated from the regulation of the harmonics caomte in Fig. 4 that the high speed of response for fundamental
ponents, being characterized by different speed of responsecomponents results in a wider bandpass filter, which increases

@ € — Regiycls) —> ipp*
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conventional PI control, angt) proposed control scheme. Fo(2) = ¥ ; cos [ N hL:| z (7

the loop gain also around the fundamental frequency. Secowthich realize zero gain at the nonselected frequencies. Indeed,
the diagram of Fig. 4 shows that the described harmonic cont(@) can be seen as a finite-impulse response (FIR) passband filter
represents more a theoretical control algorithm than a practiclV taps (V being the number of samples within one funda-
one for fixed-point implementation, since the compensationental period) with unity gain and zero phase at harmanic

of harmonic components requires the implementation €fne of the major advantages of (7) and approximation (6) is
very narrow passband filters, which we found difficult on &hat the compensation of more harmonics does not add any in-
fixed-point 16-bit DSP, unless 32-bit operation is considered @tease in the computational complexity since

the expense of unacceptable complexity. N1

2 2 ,

Y Eae =23 (Y {_”/} S @)
IV. A SOLUTION FOR FIXED-POINT IMPLEMENTATION hCN, N = hC Ny, N

In order to solve the aforementioned drawbacks on the hqfhus' only a change in the coefficients of the FIR filter is
monic control, a set of refinements and approximations is invg$seded for the compensation of more harmonics without any
tigated. For the purpose of explanation, let us consider the caggjitional calculations. As a result, only a positive feedback of
of leading an'gleﬁk equal to zero. First, note that the desire@7) is needed to perform an approximated frequency response
transfer function for the harmonic control can be written as  of the harmonic control regulatdteg), ,c.

) . 2Kps Fy This reasoning can be easily extended introducing also the

Regyac(s) = D 2+ (hws)2 O F )3 “) leading anglep;, as long as it is assumed proportional to the
harmonic ordef, or, in other words, as long as the leading time
where is assumed constant for all harmonics. The results, not reported

Fi(s) = 28phwss Kp— Kin ) here, show that a leading 8f, sampling intervalsV, times the
' 52 4 2&,hwss + (hws )2 & hws sampling period being the desired leading time, is introduced in

&, being the arbitrary damping factors for passband fiftgr (8) as follows:

hCNy,

andN,, the set of selected harmonic frequencies. From (4), we g N-1 o ‘
observe that the each of the original bandpass filters can be>  Fun(z) = = < > cos{—k(i + Na)D 2t
: i . N 4 N
seen as a unity positive feedback of a bandpass filidnaving REN, i=0 \keN,
unity gain and zero phase at the selected frequénEgllowing 9)

this straightforward consideration and taking into account that

& can be chosen as small as desired, (4) could be further ;B_en, a delay ofV,, ;teps is needed_in the feedt?a"k path to re-
proximated—only for all frequencies around the selected frE9Ver Z€ro phase shift of the loop gain at the desired frequencies.
quencies—by the following expression: This is, indeed, the situation depicted in Fig. 3, where a positive

. feedback of (9) is performed using a delay black"-. Indeed,
h

Regy, ac(s) = Kp Z we found this solution much less sensitive to quantization and
hEN, 1-1, rounding errors for fixed-point implementation with respect to

S nen. Fi that described in Section lIl. It is worth noting that the proposed

~K F].—Z:—hF (6) solution is related to repetitive-based control schemes [1]-[4].

heN, h However, as compared to [1]-[4], we are able both to perform

as long as all passband filters are very selective (&g, * selective control on some harmonic voltages and to adjust the
Fro < Fyp1, Fpo). This is particularly true if we consider theleading phase to ensure a proper stability margin.
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- Fig. 7. Three-phase rectifier load with the proposed solution (output voltage,
Voltage control: 100 V/div; output current, 10 A/div).
proportional + ~3 s
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Harmonic control: ; : : : : T : : : : :
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Fig. 6. Flowchart of the implemented control algorithm on ADMC401. Fig.8. Three-phase rectifier load with conventional Pl control (output voltage,

100 V/div; output current, 0 A/div).
V. DESIGN CRITERIA
response for the harmonic component. Under the assumption

. . 0
Control parameter selection can be performed using the f%i'very narrow bandpass filters, parametaig, can be chosen

lowing procedure. First, the proportional gain can be chos
equal to that obtained from a conventional proportional plus in-

i i ifications i 2.2
tegral (PI) design, given the specifications in terms of voltage K = (11)
loop bandwidthw. and phase margim,. Second, selecting nprL’s My,
¢1 = 0, the integral gaink';; can be set so as to ensure the

: . h Ts) is desired ti luated bet
same voltage loop bandwidth. and phase margim, of the Where (n,Is) is desired response time (eva uated between
. : 10% and 90% of a step response) for the generic harmonic
conventional Pl control, i.e.,

k, npr 1S number of fundamental periodSs, and M; the
module of the transfer function seen by the harmonic controller
(including blocks 2 and 3 of Fig. 3). Then, following the
Iapproximation of Section IV and using the same integral
ferm K for all harmonics, we found out thar can be
Haeoproximated by

2 _ 2

w(} 5
Kn = Kre=——" (10)

where K. is the integral gain of the conventional Pl contro
Third, parameterv, is aimed toward the compensation of th
delay of the current control loop and typical values are in t
range between 2—4, depending on the current control implemen- Ky,

tation. Finally, parametek r is set depending on desired speed PR 0.32w,

12)
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After this preliminary design, a stability analysis is needed i Tek 8 ‘°°k5’s 34 Acgs
order to verify that the overall closed-loop system has a prop
phase margin, especially at harmonic frequencies. As an ¢ | : : : : - : : : : '
ample, following the parameters used for Fig. 4, the closed-loc
output impedance obtained using the described procedure is
ported in Fig. 5. As foreseen, a strong attenuation is obtain
at the selected frequencies, while outside those frequencies
behavior is similar to that obtained with a PI control.

Regarding the type of load applications of the proposed s
lution, it is worth noting that our algorithm seems to be par
ticularly efficient with distorting loads, since its main goal is
the reduction of voltage distortion. Moreover, it also gives som
benefits with linear ohmic and inductive load, mainly for the
regulation of the fundamental frequency and the THD redus
tion caused by deadtimes. However, we have also noted tha
is also much more sensitive to parameter variations compar { : : : : i : ‘ : :
to PI control with capacitive or resonant loads. Thus, itseems |t .. i ... 0 i v
be less suited when the load is made by capacitors whose rat 200my cha 10.0mvQ M5.00ms ChZx2.66V
is closed to nominal output power.

Fig. 9. Single-phase rectifier load with the proposed solution (phase-to-phase
output voltage, 100 V/div; output current, 10 A/div).
VI. DSP IMPLEMENTATION

The proposed control strategy has been practically implyek gy g 100kS/s 60 Acgs
mented by means of the 16-bit fixed-point DSP-based controll _______ F-eeeee iy I
ADMC401. This DSP unit represents a powerful tool for digita

control implementations for high-performance motion contrc
industrial applications due to the fast arithmetic unit (38.5-n
cycle, 26 MIPS) and several memory-mapped peripherals a
embedded memories, which make it suited for single-chi
solutions. In fact, besides 1-kbyte RAM for data memory
2-kbyte RAM for program memory, and 2-kbyte ROM progran
memory for boot load routines and debug features, it include
all the necessary facilities for implementing voltage and currel
control loops in a three-phase VSI, such as a high-resolutic
pulsewidth modulation (PWM) modulator, flash 12-bit A/D
converters, which allow conversions up to eight channels |
less than Zus, event capture channels, etc.

The flowchart and the timing of the implemented algorithn
are represented in Fig. 6. Besides some initialization routine : : S : : A 4 :
control algorithms are evaluated within a service routine starte  G¥r—zgomv——— : LTI TR i )
by the interrupt generated at the end of the A/D conversic.. Chd 10.0mvQ
process, which is triggered by the PWMSYNC signal of thlg 10. Single-phase rectifier load with conventional PI control (output
PWM modulator. As shown in Flg 6 the major routines arﬁ)ltage 100 V/div; output currentt, 10 A/div).
related to the proportional and fundamental frequency band-
pass filters with antiwindup (8s), the deadbeat current control ] _ . o
(2.7 us), the space-vector modulation (SVM) and the deadtv#%dumor 1.5 mH; OUtpL_Jt filter capacitor, 90F; .SW'_tCh'ng
compensation (ms), and the control on the output voltage ha requency(fsw), 10 kHz; and selected frequencies: 1st, 3rd,
monics, which requires almost 18 when the running DFT 5th, 7th, 9th, and 11th. It is worth noting that, in order to
is performed using 200 samples, but only iwhen using 50 ensure sinusoidal voltage, even in the presence of distorting
samples. Note, however, that the timing reported here dem}8§d some additional margin on the dc-link voltage, compared
from anonoptimizedissembly code, where modularity instea the value needed for linear load, is preferable to cope with
of performance has been the major driving force during co ¢ drop voltage of harmonic components on the inductive

development. As can be seen, the control routine requires, Er' Moreover, dc-bus variations have been compensated by

the whole, about 3s (down to 24us for DFT on 50 samples) a feedforward action in the SVM so as to avoid any additional
' " distortion, especially when testing conventional solutions. It

is worth mentioning that this is not strictly needed with the
proposed approach since the proposed algorithm is able to

The system of Fig. 1 has been experimentally tested usiogmpensated any possible voltage distortion, even that coming
the following parameters: dc-link voltage, 370 V; VSI filterfrom dc-link voltage variations.

VIl. EXPERIMENTAL RESULTS
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13. Turn-on of a three-phase rectifier load with the proposed solution
Fig. 11. Spectrum of output voltage with the proposed solution (vertical sca{gutput voltage, 100 V/div; output current, 20 A/div).
10 dB/div; horizontal scale, 50 Hz/div).
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Fig. 14. Turn-off of a three-phase rectifier load with the proposed solution

Fig. 12. Spectrum of output voltage with PI control (vertical scale, 10 db/dif@utPut voltage, 100 V/div; output current, 20 A/div).

horizontal scale, 50 Hz/div).

In order to highlight the potentiality of the proposed system

As far as the control parameters are concerned, the voltatlgo during unbalance conditions, a single-phase diode recti-
loop bandwidth has been set to 400 Hz, phase margin equafi¢és has been applied between two phases. The results, reported
50°, and 10 cycles for the harmonics components. For compé&n-Figs. 9 and 10, clearly show the effectiveness of the har-
ison, we have also implemented a conventional Pl control, daonic voltage control. Moreover, Figs. 11 and 12 show the cor-
signed with the same bandwidth and the same phase margirresponding spectra of the output voltage, and we can note that

The first investigation was performed with a three-phastl selected harmonics have been strongly reduced.
diode rectifier with capacitive filter on the dc side. Fig. 7 An investigation of the transient behavior under nonlinear
reports the results obtained with the proposed solution, alwéd is reported in Fig. 13. Note that, besides an initial voltage
Fig. 8 those obtained with conventional Pl control. Note thalrop due to switching to a discharged dc-link capacitor at the
the quality of the output voltage has been strongly improved, ioad side, the recovery of the output voltage to the nominal
spite of a great increase in load current harmonics arising fraralue is fast, while we observed that a complete correction of
the reduced UPS output impedance. the output voltage distortion takes several fundamental periods.
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Fig. 15. Turn-off of a linear load with the proposed solution (output voltagkig. 16. Turn-on of a linear load with the proposed solution (output voltage
and its reference, 100 V/div; output current, 5 A/div). and its reference, 100 V/div; output current, 5 A/div).

Indeed, we have experimentally tested that such harmonic cstructure for the harmonic control, less sensitive to quantization
rection takes around 8-10 periods, as predicted by our analysisg rounding errors. The proposed control scheme has been im-
for distorting loads with inductive filters at the dc side, whilgolemented using a fixed-point single-chip DSP ADMC401 by
it is longer with distorting loads with capacitive filters, such adnalog Devices. Experimental results on a 3-kVA three-phase
those used in Fig. 13. This unforeseen behavior can be justifisghverter prototype show the feasibility, effectiveness, and ad-
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