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Abstract — The use of a Power Conditioning System (PCS) con- pensation of reactive power and current harmonics of non-
necting a cogeneration plant to the electrical network, makes it linear loads, can be performed.

possible to employ high-speed turbines directly coupled to per- A control strategy for the PCS, which can be implemented
manent magnet synchronous generators. This solution leads to a g 53 DSP based controller, has been presented in [8], [9]. The
very compact arrangement, characterized by high reliability — ooni61 method performs the direct regulation of the source
and efficiency. Furthermore, the PCS is able to deliver not only t hich f d to be si idal and in oh ith
the rated active power to the mains, but reactive power and cur- currents, whic _are. orced fo be sinusolda an_ n p_ ase wi
rent harmonics as well. In this way, the PCS can operate as ac- t_he corresponding line-to-neutral vol'gages, as "_1 active power
tive filter when non-linear loads are connected to the same net- filters [10]-[12]. Nevertheless, undesired behavior may occur
work. Nevertheless, undesired behavior may occur when the when the supply voltages are non-ideal, such in presence of
supply voltages are non-ideal, such as in presence of unbalanceunbalance, harmonics, flicker, or when the line impedance is
harmonics, flicker, or when the line impedance is not negligible. not negligible. In order to achieve a good performance of the
This paper presents a new control strategy that allows good per- PCS even in these non-ideal conditions, a new control strat-
formance to be achieved under ideal and non-ideal supply volt- egy has been analyzed. The behavior of the cogeneration

ages. The stability and the dynamic behavior of the overall sys- system has been verified by PSpice in several steady-state
tem has been analyzed by introducing suitable transfer func- and transient non-ideal operating conditions
tions. The analytical developments have been confirmed by per- P 9 )

forming numerical simulations on a realistic circuit model im-
plemented with PSpice. Il. DESCRIPTION OF THE COGENERATION SYSTEM

A simplified block diagram of the whole system is
shown in Fig. 1. The generatdB)(is a 4-pole, three-phase,

M synchronous machine, operating at 400 Hz. The rated

gwer of the turbineT) is 20 kW at the rated mechanical

eed of 12,000 rpm.

|. INTRODUCTION

Industrial plants often provide different types of energ
that can be partially converted into electric energy by mea

of cogeneration systems. These solutions allow, in genera, _ .
the improvement of the overall efficiency of the plant. If AS @ result of using rare-earth PM, the armature reaction

low-pressure steam is available, an efficient utilization of th%ﬂeCt in the generator is quite low, thus the synchronous in-

related energy is achieved employing a high-speed turbine gfictance of the machine is reduced as compared to that of
order to avoid the need of a reduction gear, the use of hi achines with traditional construction. However, due to the

speed synchronous generators directly coupled to the turb[jgh Stator frequency, the synchronous impedafgpig still

shaft is considered a valid solution [1]. The electric enerd}dn- In order to avoid a limitation of the output power, the
produced by the generator is rectified and delivered to th@Pacitor (@) has been inserted for the compensation of the
mains by a dc/ac converter having a structure very similar §§nchronous impedance. The series connection has been pre-

that of a standard shunt active filter [2]-[5]. Using a suitablf"ed t0 the shunt connection in order to achieve a compen-

control technique, the PCS can operate as active ac line ciﬁt—ion independent of the load . Assumihgas the value of
ditioner [6], [7]. In this way, additional tasks, such as condne series capacitance that gives resonance with the synchro-
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Fig. 1. Block diagram of the cogeneration system.
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nous inductance at 400 Hz, it has been verified that choosing]-he reference source currei_@t is obtained by multiplying
Cs equal toC, leads to current overshoots during load tran-

sients. This drawback has been overcame assutaing 0.8 the unity vector\”/gl, which is in phase with the positive se-

C.. With this capacitance value the dynamic behavior of th@ience fundamental component of the line voltage by

co-generation system is quite good, and the residual voIta%e o ) )

drop due to the partial synchronous reactance compensatiof reference source current magnitude This last is gener-

at 400 Hz is still acceptable. ated by the regulatdR(s), which operates on the instantane-
The control structure of the whole system is based on s error between the reference vaMg.and the actual

main regulators. The former is a mechanical regulator that

keeps the outlet steam pressure of the turbine close to its nflue V. of the dc-link voltage. It is known that in presence

erence value. The latter is the intermediate dc-link voltagg ynbalanced either in the source voltages or in the load, the
regulator that provides the indirect control of the speed, beifistantaneous power flow is characterized by fluctuations at a
the dc-link voltage almost proportional to the mechanicalequency of 100 Hz. The power conditioning system that is
speed. This regulator generates also the reference curreisnected in parallel with the load will be affected by these
that should be injected into the mains by the PCS. The cqfbwer fluctuations. As a consequence a 100Hz oscillation can
trol strategy of this regulator will be analyzed in details in thge observed in the dc-link voltage of the PCS.

next Sections. . This voltage oscillation determines a perturbation on the
The principle of operation of the PCS may be summa- - S
rized as follow. When the load is not connected to thrgference value of the source current magnitligewhich is

mains, the cogeneration system will supply the rated ateflected on the instantaneous value of the source currents de-
tive power. As the load is switched on, the source wilermining current harmonics. To avoid this drawback, an ex-

Supp'y the difference between the active power requiré&icit f||ter|ng a.Ction Sh0u|d be introduced in the I‘egulator
by the load and the active power delivered by the cogen®@(s) to smooth the 100 Hz component. _ _
ration system. In general, the reactive power of the load i/ this paper a standard PI regulator combined with a first or-
compensated by the PCS. If the reactive power exceedy low pass filter has been chosenR(g). The behavior of

the converter ratings, the difference will be supplied b{he regulator is represented by the following equation, where
the source. s is the Laplace operator

IIl. PCSCONTROL STRATEGY R(s) = ! B(P +ﬁH (1)

l+st. O s O
The aim of the PCS is to control the active power flowq regulator parameter atg:= 2,Kp = 10,7, = 20 ms.
from the generator to the mains, and to compensate the reac- ' e
tive power and the current harmonics of non-linear loags pgsitive sequence detection

connected to the same network. These requirements can b@ne source voltage vector can be expressed in terms of

obtained forcing the total source currents to track the wavgigamental sequence components and harmonic components
forms of the corresponding line-to-neutral source voltagege

and controlling the amplitude of these currents through the

dc-link voltage regulator according to the power balance g B

equation [9]. This control technique performs correctly i¥s = Vs~ * Vg™ + ZVS =

presence of balanced and sinusoidal supply voltages, whereas k=$2

some problem may occur when the supply voltages are af- _ —41_jut -1 -jat Flagguy jkat

fected by perturbations. In order to overcome these problems ~ Vs'e™" +VsTe T+ _ZVS e @

a solution is to synchronize the source currents with the fun- . k=22 . .
Writing (2) with respect to a synchronous positive rotating

damental positive sequence component of the source v?lt- . )
ages, leaving the task of determining the current amplitude fgme yields: .
the dc-link voltage regulator. Co_ o et _ g T2t ek ai(k-Dat

In this way a balanced and sinusoidal system of source cufs ~ 'S © M= Vg avgTen M4 5 Vel 3)
rents is achieved, even in presence of voltage perturbatio
coming from the mains. a i

The analytical developments have been carried out usif@mponentvg-and the harmonic components have zero dc
the space vector representation of three-phase quantities wahie. Then, by applying an opportune low-pass filter, it is
d-qg stationary reference frame. possible to extract the phasor of the positive sequence fun-

k=%2
"t can be noted that the negative sequence fundamental

damental componem75+1. For this purpose a second order

low-pass filter has been applied to the source voltage vector,
The control strategy proposed for the regulation of the daecording to the following equation

link voltage is summarized by the scheme shown in Fig. 2.

A. DC-link voltage controller
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il _ ot 1 _ Low values ofLg will determine fast current variations,
Vs" =Vs'® ——(1”3_ P Vs - (4)  and then a wide filter bandwidth. On the other hand, high
] values ofLr reduce the HF harmonics of the currents injected
Once \7§l is estimated, the unity space vechi';1 can be into the mains by the PCS, improving the voltage quality at
readily calculated and utilized to modulate the outpiR,afs  the point of common coupling. According to (7), by increas-

shown in Fig. 2. ing K it is possible to compensate high valued af How-
ever, this possibility is limited by the maximum output volt-
C. AC current controller age capability of the VSI, which is defined by the value of the

dc-link voltageV,,. .
The ac current regulator must operate in order to keep the

source curreni_S close to its reference valué. As a first IV. EFFECTS OF THE SUPPLY VOLTAGE NOMNDEALITIES

step, the reference filter current must be determined since As a first example, a switching-on of a 40 KW load under
the VSI acts directly on the filter current . The filter cur-  sinusoidal and balanced supply voltages has been considered.

rent is given by The results obtained are shown in Fig. 4. Before the switch-
e 5 ing-on of the load, the power of the cogeneration system is
P =ls L, ®) completely delivered to the source. After the switching-on,

where the load current, is a measured quantity. Thebeing the load power higher than the rated power of the

_x cogeneration system, a reversal of the source power flow
reference voltag&g for the PWM-VSI can be calculated byocgurs (Fig. 48’)' From Figs. 4a and 4b, it is e?/ident the

using a regulator in which the input variable is the differencypapility of the PCS to smooth the variation of the source
between the reference and the actual value of the filter cyiyrent amplitude during load changes. This feature is
rent achieved against an increase of the generator current (Fig.
Aip :i_,; —iE. (6) 4c). It is possible to reduce the generator over-current by

The equation of the current controller can be expressed@dusting the parameters of the dc-voltage regulator. The

follows performance of the cogeneration system for various supply
Al voltage non-idealities is analyzed in the following examples.
Vr =Vg +Lg —F = Vg + KAIE . 7 o
PO T At s F 0 A. Line impedance

This equation shows that the current controller behaves as
a proportional controller having gal, with an additional ~ The effects produced by the switch commutations of the
term for the source voltage compensation. On the basis of (®)erter are reflected on the voltage in the point of common
(6) and (7), the block diagram shown in Fig. 3 can be deriveeRupling, introducing a HF voltage ripple. The amplitude of
It can be noted that the filter current is regulated throughte voltage ripple is related to the ratio between the source
closed loop control scheme. inductance (k) and the link inductance §). Figs. 5a and 5b

Assuming that the VSI can generate the reference voltagfegow the voltage and current waveforms in the point of
common coupling for different values of.LThe voltage rip-

at each cycle period, i.evg =V, the following transfer ple is acceptable when using a large value of the link induc-

function for the filter current can be obtained tance (I = 2 mH, Fig. 5a), whereas it is unacceptable when
- _ 1 = 8 reducing this value (.= 0.5 mH, Fig. 5b). In this case, the
F voltage quality can be improved by introducing a parallel ca-

1+?S pacitive filter Cr = 50puF, damping resistand® = 1.3Q).

Eq. 8 shows that the response of the ac current controller isThe results obtained are shown in Fig. 5c. It can be noted
represented by a first order low-pass filter with a time cortbat the use of a small link inductance it is advisable to in-
stanttT= Le/K. The PCS behavior as active filter is mainlycreases the PCS bandwidth when operating as active filter.

determined by the dynamic response of this current regulator.

Vg
x ugt )
Vic 4 v — VSl
R(s) —X}— —
- Is s
Vdc
Fig. 2. DC-link voltage controller. Fig. 3. AC current controller.
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(a) Top to bottom: Load, Source, and PCS currents. (a) Ls=10QuH, Le=2mH, no passive filters.
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(b) Details of the source voltage and current.
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(c) Generator phase current during the load change. (c) Ls=100uH, L =0.5 mH, with a parallel
capacitive filter C =50uF, Rc =1.3Q).
Fig. 4. Switch-on of a load in ideal source conditions. Fig. 5. Voltage and current waveforms in the point of common coupling.

The system behavior has been verified even in the caseeote currents to this vector causes the generation of unbal-
voltage sags. If a capacitive filter is used to smooth the volinced or non-sinusoidal currents, which can further decrease
age ripple, the presence of a high voltage derivative, i.e. higie quality of the supply voltages. The control algorithm pro-
dv/dt, produces undesired current spikes. Fig. 6a showspased in this paper avoids this problem. Fig. 7 shows the
typical voltage sag (50%, 5 ms) and the corresponding cateady state and the dynamic behavior of the cogeneration
rent spikes on the capacitive filter. As shown in Fig. 6b, th&ystem during the switching on of a linear load under unbal-
same voltage sag does not determine relevant over current@rited supply voltages.
the filter inductance is increased and the capacitive filter isin Fig. 7a the source currents are still sinusoidal with a
not used. smooth amplitude variation. In this condition, the PCS deliv-
ers unbalanced currents that compensate the load current un-
balance due to the supply voltage unbalance. Fig. 7b shows
the fast time response of the dc-link regulator during transient

ditions, even in presence of unbalanced source voltages.

B. Source voltage unbalance
Unbalanced supply voltages determine a space volt

vector rotating with a variable angular speed and describing
an elliptical locus. The synchronization of the source refer-
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Fig. 6. Effects of a source voltage sag.

400ms 450m5 SBBms SSBms GBGms GSBms 700ms Os 0. Zs 0. Hs 0. Bs Q. Ss 1.0s
(a) Top to bottom: Load, Source, and PCS currents. (b) Top to bottom: reference source current magnitude,
dc-link voltage, and dc-link current.

Fig. 7. Switch-on of a balanced load with 20% unbalance degree of the source voltages.

(a) Top to bottom: Load, Source, and PCS currents. (b) Top to bottom. reference source current magnitude,
dc-link voltage, dc-link current.

Fig. 8. Source voltage flicker (+10%, 2 Hz).
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With standard control algorithms, the PCS behavior is af-
fected by the voltage perturbations coming from the mains,
such as voltage unbalance and voltage distortion, leading to
system instability and/or line current harmonics.

In order to avoid these drawbacks, a new control algorithm
is proposed and the behavior of the control system has been
analyzed in several operating conditions characterized by dif-
ferent supply voltage perturbations. It has been verified by
numerical simulations that in all cases the PCS operation is
stable and the source currents are balanced and sinusoidal.
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