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Abstract—This paper presents a comparative evaluation of the selection of the feedback variables and in the type of the
four different multi-loop control schemes for a high-bandwidth  controller used in each loop. The use of more advanced dontro
AC power source. The power source considered in this work is gohemes like model predictive control has also been ewaduat

based on a three-level T-type inverter with a two-stagé.C output . o
filter. The control schemes evaluated in this paper have an aput  [8]- A dynamic control of the switching frequency has been

voltage controller in the outer loop. For the inner control loop Proposed in [9] to improve the dynamic performance of the
the following options are evaluated: capacitor current feebacks, power converter.

Contral in combunation wih retorence volage andload curent A5 EXPlained n [10], the addion of a secofd” stage to
feedforward, and first LC stage capacitor voltage and inverter the output filter affe_cts the behavior of the output voltaga-c
output current feedback. trol and the output impedance of the power source. A second

The reference tracking capabilities as well as the power filter stage is required in order to increase the attenuation
source output impedance are evaluated. Analytical and simu the switching high frequency harmonics without signifidant
lation results are shown to be in very gqod agreement, and the reducing the filter dynamics. This imposes a higher compfexi
g;aeqlégrrl::ga?endd step responses for the different control sciBes . yne gesign of a high performance control scheme. Most of

The results show that a cascaded structure consisting of a the published works deal with the control of converters with
proportional-integral controller for the output voltage and a @ single stage filter. Control schemes for converters with a
proportional controller for the inverter output current al lows two-stage filter have not been well analyzed in the liteeatur
to achieve the best dynamic behavior in terms of output voltge Four different multi-loop control schemes for the AC power

I idth i . . .
control bandwidth and output impedance source are evaluated in this paper. The effect of the second

Keywords — AC source, high-bandwidth, two-stageC filter stage on the output voltage dynamics and attenuation

filter, multi-loop control, capacitor current feedback. of high frequency harmonics is discussedSaction II. The
control structures, their design and achieved performanee

. INTRODUCTION explained inSection Ill. Then, comparative simulation results
) ) ) ) are presented irsection IV, considering the frequency and
A high-bandwidth power source is the preferred option fQliepy responses for the different control schemes. The aontr

testing new power electronic converters [1]-[3]. It allo®s ,nqwidth of the output voltage and the output impedance
test different operating conditions like the presence oftt- ¢ the system are the main performance indexes considered

ics and step changes in the supply voltage. These kind &f t&gy comparison. Finally, the selection of the control sckem
make possible to verify the compliance to specifications and

standards, as described in [1]-[5].
A 10kW three-phase power source is considered in this,

work. For a better handling of single-phase loads, eachephas
of the converter is controlled independently. Conseqyefut U JK}
the controller adjustment and the comparative resulteptes "<~ EEC Rp Ly
in this paper only one phase of the system is considered. The DC’_"Y . . .
power source is cor_nposeq of a thr_ee—level T—typg copverter = ﬁ i _’_n - Py
and a two-stagd.C filter with a passive damping circuit of = in Lour
the second stage, as shownhig. 1. The filter structure is u
1 1 1 1 U = co C uCI C uCZ
briefly discussed in Section II. DC'"\__C JK} 1? 2?
Several control schemes have been proposed for power pen 1 ferp lez |
sources with a single-stageC' output filter. The use of a

multi-loop structure is the most common choice for these kin ' .
of converters [6], [7]. However, there are many options iflg. 1 Three-level T-type converter with a two-stage outpdt filter.



that achieves the best performance indexes and futurercbsec

topics are discussed iBection V. 150

Jir £
|

Bandwith range of |
50 the voltage control loop

Il. TWO-STAGES LC OUTPUT FILTER

The design of the output filter for a high-bandwidth AC
power source has been studied in [11]. For a single-stage
filter design there is a trade-off between the requirements o Filerwilhout dampine ] | TIN
dynamics of the output voltage and the attenuation of hig 100 e S
frequency harmonics in the output voltage. If the filter is ' ]
designed for fast dynamics, as required for a high-bandwid 90
control of the output voltage, the required attenuationighh
switching frequency harmonics might not be achieved. Ig thi
paper, the standard for conducted emission levels acaprdi
to IEC/EN 55011 Class A is considered. The inclusion of . 360 k- L )
secondLC' stage allows to increase the attenuation of hig " " Frequency (Hz) " "

frequency harmonics without reducing the filter dynamics, , ) ,
significantly. Fig. 2 Bode plot of the two-stagesC filter with and without the

. . damping circuit shown irfrig. 1 and filter parameters dfable I. The
Usually a two-stagd.C filter for switched mode AC power pangwidth of the current control loop is indicated with atezsline
sources shows different inductance values for the two stagex fc,.

thus L; is normally one order of magnitude higher in induc-

tance value thar (cf. Fig. 1 andTable I). The reasons are:

firstly, the inductance.; of the first filter stage is selectedA straight forward approach to control a two-stag€' filter,

to be reasonably high in order to limit the inverter outpuierived from the classical control structure for a sindbege
peak-to-peak current ripple. Secondly, the inductahgeof LC filter [6], is to employ a cascaded control structure with an
the second filter stage is designed to achieve a reasondblyer inverter output current,; and an outer output voltage
low value as a compromise between an increased additiongh control loop (cf. Section I1l.B and Section 11I.C). In
attenuation of high frequency harmonics and a reduced phaseler to actively damp the resonance of the first filter stage
shift between the first stage capacitor voltage; and the at f, the inverter output current control loop bandwidth must
second stage capacitor voltage,. Furthermore, considering be higher thanf;. Analogous, the resonance of the second
the output voltage dynamics and the output impedance of tlilter stage atfs can only be actively damped if the output
converter with the two-stagéC filter, the first filter stage voltage control loop bandwidth is higher thgn The closed-
capacitorC; and second filter stage capacitanCe are in loop bandwidth (-3dB) of the output voltage-. and the
the same order of magnitude (dfig. 1). Consequently, the inverter output currentz; control loops designed in this paper

Magnitude (dB)

Filter with passive damping

180

Phase (deg)

characteristic impedance are indicated inFig. 2. Concluding, as can be seen from
Fig. 2, the first filter stage resonance can be damped by means
Zo = L (1) of the current control loop. Furthermore, the output vadtag
¢ control loop bandwidth is clearly not high enough to damp the
of the first filter stageL,C; is higher than the one of theresonance of the second filter stage, mainly because ofghe hi
second filter stagé.oCs. Zy (inductor 1) of the first filter stage. Thus, the second filter

Itis remarked, that if a singléC filter stage is “distributed” stage is passively damped by a parafl damping branch,
to n LC filter stages okqual component ratingsZ(/n, C'/n) which constitutes a low cost option to achieve the damping.
[12], finally a lossless transmission line equivalent dircuAs can be observed ifig. 2, the resonance of the second
model is obtained forn — oo. Such a circuitry would, stage is properly damped.
however, no longer show a low-pass filter characteristiéclwvh
is required regarding conducted EMI noise suppression. Fur
thermore, the characteristic impedance of such a trangmiss The following control schemes with different numbers of
line would be symmetrical which may be too low consideringontrol loops are evaluated and compared in this paper:
the inverter output peak-to-peak current ripple but toohhig A. Pl(uc2)+FB(ic1): proportional-integral (PI) controller
regarding the filter output impedance seen by the load. As a for the outer voltage control loop and feedback (FB) of
consequence, multi-stageC' filters are usually dimensioned the capacitor currents; providing active damping of

IIl. MULTI-LOOPCONTROL SCHEMES

such that the characteristic impedanégs of the individual the filter resonance [cFig. 3(a)]. The capacitor current
stagesi are lowered from the filter input side towards the feedback emulates the behavior of a damping resistor in
output side. the first stage of the filter.

In Fig. 2 the transfer functions of the undamped and theB. PI(uc2)+PI(iz1): PI controller for the outer voltage con-
damped two-stagd.C filter considered in this paper (cf. trol loop and PI controller for the inverter output current

Fig. 1) are plotted for the filter parameters givenTable I. i1 in the inner loop. Feedforward loops for the load



I
L] LZ
— -

Ucy u,

uCO

—O
[ F
e "’gz
Control A: PI(t/(,) + FB(i ) Control B: PI(24(,) + PI(i; ;)
(a) Cascaded control scheme with one Pl controller for the (b) Cascaded control scheme with two PI controllers, one for
output voltage and feedback of first stage filter capacitorect, the output voltage and one for the inverter output current,
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(c) Cascaded control scheme with one PI voltage controtier f (d) Three-loop control scheme: output voltage loop, firgeffil
the output voltage and one proportional inverter outputenir stage capacitor voltage loop and inverter output curreap,lo
controller, Pl¢c2)+P@r1)- I(uc2)+FBuciirt).

Fig. 3 Control schemes for the AC power source.

currenti,,; and the reference voltage’., are included output current. The Yc2)+FB(uc1,ir1) scheme is a three-
[cf. Fig. 3(b)]. loop structure with an external output voltage control loop
C. Pl(uc2)+P(ir1): PI controller for the outer voltage con-and two internal feedback loops.
trol loop and proportional (P) controller for the inverter In order to compare the different control schemes under
output current in the inner loop. Feedforward loops fasimilar conditions, the voltage controllers have been stejl
the output current and reference voltage are included [6f. obtain the fastest possible response with the limitatiba
Fig. 3(c). maximum overshoot of 1% in the output voltageic» under
D. I(uc2)+FB(uc1,ir1): integral (1) controller for the outer different load conditions.
voltage control loop and two inner feedback loops, one
for the voltage across the capacitoy of the first filter A. Pl voltage control and capacitor current feedback
stage,uc1, and one for the inverter output curreift;  [Pl(uc2)+FB(ic1)]

[cf. Fig. 3(d)]. The structure of this controller considers a single PI con-
These control schemes can be classified into thrageller for the output voltage and an active damping of thet fir

groups according to the number of control loops. Thidlter stage using the capacitor curregt;. A block diagram
Pl(uc2)+FB(ic1) scheme can be considered as single-logy this scheme is shown iRig. 3(a).
control, with only one voltage controller for an actively A single voltage control loop achieves no damping of the
damped filter. The Pl{c2)+PI(Gz1) and Pliuce)+P@r1) first filter stage. The resonance must be damped by using
schemes correspond to a two-loop structure, with one contpassive elements in the circuit (as for the second filteredtag
loop for the output voltage and one control loop for the itwer or actively, as shown ifrig. 4(a).
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(a) LC filter with current feedback. (b) Equivalent circuit.

x10* ‘ k= [0720] Via Fig. 5 Output voltage control with a single-stage filter.

and the filter parameters

k1\/é:1(n+1/n). (4)

Considering this filter design, a Pl controller (Eig. 5) can
be designed for compensation of the slow pole of the filter,
1+sTn
Gpi(s) = — 7 —; (5)
the resulting closed loop transfer function from the refiese

‘ ‘ to the output voltage is then
—4 -2 0 2 4

Real Axis (seconds ') x10* Go(s) = Gri(s)Gy(s) 1 ©)

1+ Gpri(s)Gy(s) T 1+sTn+ s2T2
_ which corresponds to a second order filter with a damping
Fig. 4 Poles of a single-stageC filter for different values of the factorn and a cut-off frequency/T. In this way,n is adjusted
capacitor current feedback gain. to obtain the desired behavior.

As mentioned in the previous section, the overshoot in the
output voltage is limited to a maximum value of %0 The
The feedback gaitt; can be adjusted to obtain the desire@esign parameten is adjusted accordingly and an optimal
behavior of the filter. If only the first filter stage is congielé, feedback gairk; is obtained. Considering that the addition of
the effect ofk, is identical to the effect of a resistande the second filter stage affects the position of the dynaryical
in series with the inductof; (cf. Fig. 4(a) and Fig. 4(b)). dominant poles of the first filter stage, as showrFig. 6, »
However, the use of a current feedback loop only emulatagd the PI controller gain must be slightly adjusted to fulfil
the resistive behavior but does not generate the powerdostte overshoot requirement. A feedback gainkef= 15 V/A
of an actual resistor added in series to the filter. By adjgstiis obtained in the case at hand after this procedure.
k1 the filter can present a Butterworth or a Bessel responseThe use of a feedback loop for the current of the second
as shown inFig. 4(c), or other type of filter response. For acapacitorics is also evaluated. Here, the converter voltage
Butterworth response, a feedback gain= /27, must be is calculated from the output of the voltage controleand
used, while for a Bessel response, a higher dair= v/3Z, the capacitor currents:; andic, as:
is required.
Furthermore, the transfer function of a single-stage filter
with a capacitor current feedback gdin can be compared to wherek; andk» are the feedback gains.

Imaginary Axis (seconds ')

Sl X Butterworth k; = v27, |
X Bessel k =v32,

(c) Filter poles.

Ueo = U — k1ic1 — kaico, (7)

the response of a filter with two real poles: The feedback gains can be used to move the filter poles and
1 to adjust the damping of the filter resonances. The effedief t
Gy(s) = T ohC r2L.C (2) feedback gaing; andk, on the placement of the filter poles
o 11 it 1 is shown inFig. 7. Only the inner loop is considered for these

||>

= 530 results (no voltage control loop). It can be observelim 7(a)
(14 sTn)(1+sT/n) 14 sT(n+1/n)+s {3) that increasing:; moves the filter poles to the left side of the

complex plane, providing damping of the resonances of both
whereT £ \/L,C, andn is a design parameter that represenfiiter stages. By increasing the feedback ghinthe poles of
the separation of the filter poles and defines the dynamicstbé first stage of the filter move to the left while the poles
the filter. Then, the filter gain can be expressed in terms ofof the second stage move to the right, as showRigq 7(b).
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Fig. 6 Poles of the filter with feedback for a single-stage filter an e Pl{ucs)+FB(icy) scheme for a resistive load of ©6(nominal

a two-stage filter. Both systems using the capacitor curfiesdback

. ) . load).
with gaink; = 15 V/A and no load is connected at the output of the )
filter.
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Fig. 7 Effect of current feedback gairks andk- on the poles of the me [ms]

system (the passive damping elements of the filter are ncidered . .

for these results). Output voltage is in open loop operdfionvoltage T '9: 9 Output voltage step responses for theut)+FB(ic1)

controller). No load is connected to the filter. scheme. Top: 1@ resistive load (nominal load), 1% overshoot.
Bottom: No load, 10.0% overshoot.

Note that the poles of the second stage enter the right hBIif Pl voltage control and Pl current  control
plane, making the filter unstable. Considering these resultP!(uc2)+Pl(iL1)]
feedback of the capacitor curreipts is not used in order to

e o A cascaded control scheme consisting of an inner current
avoid instabilities.

control loop and an outer voltage control loop is considezd
The controller design is verified using a detailed analyticthe common structure for the control of high-bandwidth AC
model of the AC source, considering the discrete-time implpower sources [6], [7].
mentation of the controller. A control bandwidth (-3dB) for The use of the inner loop for controlling the inverter output
the output voltage of 5.9kHz is achieved, as it can be oburrentiy, gives the opportunity of current limitation and
served fromFig. 8. This transfer function has been calculatetherefore to protect the inverter against overcurrentse Th
analytically using Matlab and then verified with simulasondynamic response and compensation of load current harsionic
of the controlled power source using GeckoCIRCUITS. Thean be improved by the inclusion of a feedforward of the
step responses with and without load are showrFig. 9 reference voltage(., and of the load curreni,,.. The control
for simulations and theoretical results from the analyticacheme shown ifrig. 3(b) illustrates the implementation of
model. It can be observed that the highest overshoot is presthese ideas. In this scheme a PI controller is used for thaubut
during operation without load, for missing damping by a loadoltage control loop and a second PI controller is used fer th
resistance. inner current control loop. The controllers can be designed



modified for using the deadbeat control concept for the inner

pq I L i : 1 loop. This concept has been proposed in [13] and [14] for
g 3r ""xx 1 uninterruptible power supplies with a single-stab€' filter,
= ol X ] where deadbeat control is used of the inner and outer loops.
S e Simataion el R ] In this paper, a Pl controller is preferred for the outer loop

18 , ‘ “~x. X in order to ensure a very low steady-state error for the dutpu

10° 10° 10* 310" voltage (zero error for DC references).

i Dgadbeat control uses the system model to calculate the
ke, | reqwred_converte.r voltage thgt m_akes the current erroalequ
& ' ‘ng* co 1 to zero in one single sampling interval. The equation that
o 7;;’2: N | describes the dynamic behavior of the inverter output aiirre
£ s0f "x&x ] ir1 is, based on the circuit diagram Bfg. 1:

—225 ~ B .
7270102 1(‘)3 164 x 310" Ly dzlgl = Ueco — UCT- 8

Frequency [Hz]
. By approximating the time derivative and assuming that the
Fig. 10 Transfer functions from the reference to the output voltagg y app g g

for the Pl(cs)+Pl(iz1) scheme for a resistive load of T6(nominal esired behavior of t_he _system |_s-to reach a gurrent error of
load). zero after one sampling interval, g, (k+1) = i} ,(k), the
required converter voltage for the deadbeat current chatro
is expressed as

w
B
=3

5 i (k) —ip1(k

Zox0p e Ueo(k) = uct (k) + LIM_ 9)

g 320 |' Ts

Z 310 | o b Considering that the capacitor voltage; is not measured,

2 uc; (simulation) .

2300 ' iz (analytical model) [ and that the dynamics of the outer control loop are much

e 2 (analytical model A .
slower, it can be assumed that, ~ ug, and the resulting

200 ‘ ‘ ‘ ! : :
—0.1 0 0.1 0.2 0.3 04 0.5 0.6 A . . .
Time [ms] current controller is equivalent to a proportional corigoWith

voltage feedforward:

> x .

% oo (k) = g (k) 4 Ly L1 F) — P21 (). (10)

:E - = —ue B TS

g vcz (simulation) | The block diagram for this control scheme is shown in

S | | | ez (amalvtient model) Fig. 3(c). By using a much faster inner control loop the outer

01 0 01 o [mgf 04 05 06 control loop bandwidth can be increased, improving thealer
performance of the power source.

Fig. 11 Output voltage step responses for theulRH)+PI(ir1) The analytical and simulated results for the transfer fionct
scheme. Top: 1@ resistive load (nominal load), 08 overshoot. show that a rather high control bandwidth (-3dB) of 9kHz
Bottom: No load, 106 overshoot. is achieved (cf.Fig. 12). However, it can be observed that

a difference between the simulated and analytical results
appears for frequencies higher than 10kHz due to the voltage

limitation of the inverter, which is not considered in the
outer loop.

. . . ._analytical model. The step responses are showhRign 13,
The inner control loop has been adjusted using a S'mrgv%ere it can be observed that a very fast response is achieved

model of the inductor of the f'.r5t stage of the f|lter as, th\(/evith this scheme. The highest overshoot is observed at b loa
controlled system. Then, a detailed model, including thesin .

loop and feedforward loops, is used for the adjustment of ) eration.

voltage controller. The analytical and simulated resuftthe

transfer function show that a small-signal control bandiwidD. Three-Loop Control [I(uc2)+FB(uc,in1)]

(-3dB) of 3.7 kHz is achieved (cFig. 10). The step responses ,
are shown inFig. 11, where it can be observed that a very A three-loop control scheme has been proposed in [15] to

low overshoot occurs with nominal load, but a rather higif"Prove the dynamic performance of the output voltage

overshoot appears when no load is connected to the outpuPbfle Power source, compared to a two-loop control (without
the filter. feedforward loops), like the one presented in [7]. In additio

the bridge-leg current;; and output voltage feedback loops,
C. Pl voltage control and P current control [Pl(uc2)+P(iz1)]  a feedback loop for the capacitor voltage; is included, as

In order to achieve the fastest possible response of tepicted inFig. 3(d).
inner control loop, the previous control scheme can be #igh  According to the guidelines provided in [15], an integrator

independently if the inner control loop is much faster thiaa t
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Fig. 12 Transfer functions from the reference to the output voltageig. 14 Transfer functions from the reference to the output voltage
for the Plwc2)+P(r1) scheme (deadbeat control @f,) for a for the I(uc2)+FB(uc1,i1) scheme for a resistive load of 6
resistive load of 162 (nominal load). Saturation of the controller(nominal load).

for frequencies over 10kHz is observed for the simulaticuits.
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Fig. 15 Output voltage step responses for thed$)+FB(uc1,ir1)
Fig. 13 Output voltage step responses for the uRH)+P(@.1) scheme. Top: 18 resistive load (nominal load), 2% overshoot.
scheme (deadbeat control 4f;). Top: 16 resistive load (nominal Bottom: No load, 10% overshoot.
load), 2% overshoot. Bottom: No load, 18 overshoot.

of Fig. 14. The corresponding step responses are shown in

is used for the output voltage feedback loop: Fig. 15 The highest overshoot appears when no load is
Kg connected to the output filter.
GCQ - T, (11)

where the integrator gaiz determines the attenuation of IV. COMPARISON OF RESULTS

the closed-loop transfer functions in the low-frequenayge Simulations of the power source circuit shown kig. 1
The capacitor voltage feedback loop considers a low-paa® setup in GeckoCIRCUITS [16] where the different control

filter schemes have been implemented digitally. One sampling time
Gor = &7 (12) delay has been included in the control in order to emulate
L+ sTen the delay introduced by the analog to digital conversion and
where the filter pole is placed slightly beyond the resonancalculation time of the control algorithms in the digitafsal
of Ly andCy, i.e. atTer = VLoCy /1.2 processor. As it is usual in a practical implementation, layde
For the inductor current feedback, the gdify, is set as compensation technique as the one presented in [17] and [18]
high as possible without causing instability. is included in all the controllers.

A control bandwidth (-3dB) of 4.6kHz is achieved with The carrier frequency for the pulse-width modulation is
this control scheme, as observed from the transfer funstioh8 kHz and the sampling frequency for the control is 96 kHz
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Fig. 16 Transfer functions from the reference to the output voltag€ig. 17 Simulation results for a step change in the reference veltag
obtained by simulation for a resistive load of @Gnominal load).  for a resistive load of 18 (nominal load).

340

(double-update mode). The filter parameters used in the sin

ulations are listed ifable 1. 351
The transfer function from the reference to the output volt: 30t
age is calculated from simulation results by using a refegen sl

voltage composed of a DC value plus aZZAC component,
i.e. upy = Uy + 0.1Upsin(wt). Simulation results for the
different control schemes are shown kig. 16 for a DC
voltage valuelU; = 300V. It can be observed that the high-
est bandwidth is obtained with the Ri-)+P( 1) scheme, 205 |
followed by the Pl{c2)+FB(ic1) scheme. For frequencies
higher than 10kHz the voltage limitation of the inverter is
observed. The step responses for a nominal resistive lo:
of 162 shown in Fig. 17 illustrate the reference tracking Loy p o 02 o o1 o5
capabilities of the different control schemes. It is obsérv Time [ms]

that a!l Contr(_)l schemes present a low overshoot (peIOV%Z'l ig. 18 Simulation results for a step change in the reference weltag
for this loading. The fastest responses are achieved by er no load operation.

Pl(uco)+P(r1) and Pl{ucs)+FB(ic1) schemes, in concor-

dance with the respective control bandwidths. The highest

oversh_oot in the output _voltage IS _observed under no IO?(Srialow output impedance. The output impedance of the power

operation and has been fixed by design t&dfor all control g0\ has been computed by simulations using a controlled

schemes. Simulation results for a step change in the referep,rent source as a load. For a constant voltage refereneela |

voltage for no load operation are shownfiig. 18 current composed of a DC component and an AC sinusoidal
In addition to the reference tracking, another 'mporta@bmponent%f_i of variable frequencyf; is injected. Then,

measure of the quality of a power source is the rejection gfe AC component in the output voltage;; is measured

disturbances coming from the load current, which is eqeivel gt the corresponding frequency and the output impedance is

calculated as
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TABLE | Two-stageLC' output filter values (cfFig. 1) used for out, |g | :
the simulations. Fi
The results obtained in this way are shownFig. 19. The

Component Value lowest output impedance is obtained with theu?i)+P(i 1)

Ly 328uH and the Pl{¢2)+FB(ic1) scheme, with an output impedance

é2 g%”'l':' of 1.502 and 3.7, respectively, measured at 3 kHz. The lowest
1 Ol

peak value is obtained with theul{2)+FB(uc1,i51) scheme,

Co 3.8uF with 5Q at 5kHz. For frequencies higher than 15kHz the
Lp 11.5uH voltage limitation of the inverter is observed. The resgons
Bip 2.20 to a step change in the load current from 13A to 15A




TABLE Il Performance indexes for the different controller struesur

Performance index Pho)+FB(@ic1) Plluco)+Pl(r1) Pluc2)+Plr1) 1(uc2)+FBluct,irni)
Control bandwidth (-3 dB) 5.9kHz 3.7kHz 9.0kHz 4.6 kHz
Overshoot (16 nominal load) 1.7% 0.8% 2.0% 2.1%
Overshoot (no load) 10% 10.0% 10.0% 10.0%
Output impedance at 3kHz Xy 4.90 1.50 3.9Q
Output impedance (max) 8(b 5.692 6.2Q 5.0Q
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Fig. 19 Output impedances obtained from simulation results.  Fig. 20 Simulation results for a step change in the load current.

is shown inFig. 20. A voltage drop of 5.5V is observedsmall-signal control bandwidth, overshoot in the output-vo
for the Pl{uc2)+P@z1) scheme. A similar voltage drop isage for step in the reference and load changes and output
observed for the t(c2)+FB(uc1,ir1) scheme, but the distur- impedance as performance indexes.
bance is suppressed with slower dynamics, compared to thezccording to the obtained results, the best dynamic perfor-
Pl(uc2)*+P(L1) scheme. mance, with respect to the defined indexes, is obtained wasing
A summary of the comparative results is presented #ascaded structure with a Pl controller for the voltage mint
Table II. From these results, it is clear that the highesind a proportional controller for the inner current contoalp
bandwidth and lowest output impedance (at 3 kHz) is achievgel(u,)+P(i.1) scheme). Another advantage of this scheme
by the Pl{:c2)+P(i.1) scheme. The second highest bandwid#g the simplicity in the adjustment of the current contrglle
is achieved by the Pi{2)+FB(ic1) scheme, which is also compared to the other three schemes. The sensitivity of this
second in terms of output impedance. However, from the fogéntrol scheme to errors in the applied voltage (e.g. caused
control schemes, the Ri{2)+FB(ic1) presents the highesthy semiconductor on-state voltage drops or PWM errors) and
peak value of the outputimpedance. Thed§)+FB(uc1,ir1) filter parameters needs to be verified.
scheme presents the lowest peak value of the outputimpedanca different concept that also presents good performance
and the third highest control bandwidth. The lowest banghdexes is the Pl{c2)+FB(ic1) scheme. This scheme allows

width and the highest output impedance is achieved with tBemore intuitive approach by using an active damping of the
Pl(uc2)+PI(iL1) scheme. However, this scheme presents thgsonance of the first stage of the filter.

lowest overshoot under nominal load. In the course of future research, the optimal selection ®f th

feedback gains will be considered.
Furthermore, experimental verification of the theoretical

Four multi-loop control schemes for a high-bandwidthesults will be performed for a 10 kW laboratory prototype.
power source with a two-stageC' output filter are evaluated

in this paper. All these schemes have an output voltage

V. CONCLUSIONS

controller in the outer loop, and for the inner control lobe t
following options are evaluated: capacitor current feetiba
proportional-integral current control, proportional édbeat)
current control, and capacitor voltage and inverter output
current feedbacks. The comparative evaluation considers t
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