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Abstract—This study investigates the control system design and
its small-signal properties for the output stage of a high-bandwidth
four-quadrant three-phase switch-mode controllable AC voltage
source (CVS) with an output power of 10 kW, a switching fre-
quency of 48 kHz, and a two-stage LC output filter. Each out-
put phase of the CVS is operated individually, i.e., the phase
voltages are generated with reference to the DC input-voltage
midpoint, to allow maximum flexibility in the generation of the
output-voltage waveforms to supply a wide range of different load
types, such as DC, single-phase, and general three-phase loads
including constant-power loads leading to negative small-signal
load-resistance values. Three suitable multiloop control structures
with inner-current- and outer-voltage-control loops are motivated,
modeled, and are optimized with respect to different control per-
formance indicators, e.g., small-signal control bandwidth, and for
common boundary conditions, e.g., maximum overshoot of the out-
put voltage in case of a reference voltage step. All structures em-
ploy conventional P and PI controllers, due to their simplicity and
widespread use. Among the three structures, the capacitor—current
feedback-control structure, which controls the two filter capacitor
currents and the output voltage, is identified to be most compet-
itive. The small-signal bandwidth determined for this structure
is between 7.1 kHz and 15.5 kHz, depending on the value of
the load resistance. This result, in combination with an excellent
matching of calculated and measured step responses of the output
voltage of a 10 kW hardware prototype, point out the effective-
ness of the selected control structure and the usability of control
structures that are composed of conventional P and PI controllers.

Index Terms—Boundary condition, large-signal, multiloop con-
trol scheme, multiobjective optimization, small-signal, three-phase
controllable AC voltage source, two-stage LC filter.

NOMENCLATURE
s Switching frequency.
T, =1/ Switching period.
To Sampling period.

Continuous-time functions of volt-
ages, currents, etc.

Discrete-time functions with sampling
period Ty and k € Z.

Laplace transform of the corre-
sponding continuous-time function.

v(t), i(t), etc.
xp = x(kTy)

X = X(s) = L{a(t))
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X(z) = Z{x} z-transform of the corresponding
~ discrete-time function.
Rioaa Equivalent small-signal load resis-

tance.

1. INTRODUCTION

ONTROLLABLE AC voltage sources (CVSs) are in re-
C cent years emerging in the area of power-hardware-in-the-
loop simulations to emulate mains connected loads/generators
to analyze power grid dynamics and control strategies [1], [2], to
emulate grid faults to test power electronic equipment [3]-[5],
to emulate motor/generator characteristics to verify the correct
operation of novel drive systems [6], [7], and to develop and
conduct type tests on power electronic converters [8]—[11].

Fig. 1 depicts the output stage of the CVS considered in
this study, which is a four-quadrant three-phase-plus-neutral-
conductor three-level T-type voltage-source converter with a
two-stage LC' output filter, motivated in [12], and a balancer
circuit composed of 57, S9, and Ly, that ensures in average
equal DC-link voltages V.1 and Vg o, also in case of asym-
metrical three-phase loads [13]. Table I lists the basic electrical
specifications of this power converter and Table II summarizes
the values of the filter components.

Since the CVS is intended to be used in a large number of
different applications, it needs to be highly flexible regarding
the connection of possible loads or generators. This includes
linear loads, e.g., DC, single-phase AC, and three-phase AC
(balanced and unbalanced) resistive and/or inductive loads [3],
[8], [11], [14], [15], and nonlinear loads, e.g., constant-power
loads [16], [17], diode rectifiers [3], [6], [14], and single-phase
triac loads [8]. Furthermore, to test power electronic equipment
in laboratory or according to international standards, the CVS
may need to generate individual harmonics and/or transients
in the output voltage of each phase [3]-[5], [18]. To achieve
the required flexibility, the output voltages between the phases
A, B, and C and the midpoint N (see Fig. 1) are controlled
independently. The actual neutral is connected to the midpoint
N of the DC link, i.e., serves as a reference point in case of a
star connection of the load (or for connecting individual loads to
the phases A, B, and C') in order to ensure maximum flexibility
of the output-voltage generation; however, this requires that the
output filter is realized without any inductive elements coupling
the phases.

A buck-type power converter, essentially present in Fig. 1
if phase-independent control is applied, can, in principle, be
controlled with solely an output-voltage controller, e.g., a
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TABLE I
ELECTRICAL SPECIFICATIONS OF THE POWER CONVERTER EMPLOYED FOR THE
REALIZATION OF THE OUTPUT STAGE OF THE CONSIDERED CVS, CF., FIG. 1

Nominal output power, Pyy;p 10 kW
Nominal rms output voltage, Vi oui,n (line to neutral) 230 V
Nominal peak output voltage, Vi out,u,pk (line to neutral) 325V
Max. peak output voltage, Vi ut,max,pk (line to neutral) 350 V
Nominal DC-link voltage, Vic, = Viean + Vic 2 700 V
Nominal rms output current, Iz out n 14.5 A
Nominal peak output current, Ix outn pk 20.5 A
Output frequency, fout 0-300 Hz
Switching frequency, f; 48 kHz
Sampling frequency, fj 96 kHz
Efficiency, n >98.5%

TABLE I
COMPONENT VALUES OF THE CONVERTER’S TWO-STAGE LC' OUTPUT FILTER
CF., FIG. 1 (FROM [12])

LDMJ 154.2 }/LH
Cpwm.1 4.7 pF
L]’)]\]‘Q 11.7 p.H
Cpwm,2 4.1 pF
LD>2 22.4 |J.H
Rp.» 1.34Q

PI controller, provided that the resonances of the output filter
are sufficiently attenuated. A recent publication [19] shows
that a single modified PI output-voltage controller can control
a buck converter single-stage LC' output filter such that almost
time-optimal reactions to load transients are achieved (this
modified PI controller simultaneously considers the output volt-
age and an estimate of the filter capacitor current). In particular
in the light of [19], further improvements possibly achievable
with advanced — linear and nonlinear — control concepts remain
unclear to a certain extent. Even though comparisons of control
performances achieved with conventional PI to advanced con-
trollers are found in the literature, e.g., [20]-[24], the selected
conventional realizations are either not explained in detail, not
fully optimized, or the respective discussion reveals that the
conventionally controlled system does not incorporate load
current and reference voltage feedforwards and/or delay com-
pensations, which, in this study, are both found to be crucial for
obtaining fast responses with little output-voltage overshoots.
For this reason and due to the P and PI controllers being
well understood and accepted by design engineers, this paper
details the optimizations of P and PI controllers of three con-

5

Schematic drawing of the T-type three-phase-plus-neutral-conductor output stage of the CVS including a two-stage LC' output filter.

trol structures suitable for the considered CVS such that, in the
events of voltage reference and load steps, the output voltage
is stabilized within the minimum possible duration (for a given
maximum transient overshoot). The investigated control struc-
tures are implemented on a digital control platform, i.e., only
digital controllers are considered, which also provides the dig-
ital pulse-width modulators, operated with constant switching
frequency, that generate the gate signals for the transistors. In
contrast to [19], this study investigates the control of an in-
verter circuit with a two-stage LC filter, i.e., an LC filter, for
a wide range of operating conditions and does not rely on the
values of parasitic components. Since the CVS may be oper-
ated with a UPS [8], a solar inverter [9], or another CVS [1]
being connected, the controller design takes different load con-
ditions, including constant-active-power loads, into account. In
this regard, the small-signal representations of constant-active-
power loads are operating-point-dependent negative load resis-
tances [17], [25]-[28], which are found to destabilize the inter-
action between the converter (including the output filter) and the
load, and are, thus, of particular interest with respect to stable
and robust converter operation.

In this paper, Section II presents the derivations of the three
considered control structures, which take the possible presence
of a constant-power load and the corresponding negative small-
signal load-resistance values [25], [29] into consideration. The
optimizations of the three control structures are detailed in Sec-
tion III and verified by means of experimental results in Sec-
tion IV. For the given specification and filter components, in
particular for the given range of small-signal load resistances
including negative values, it is shown in Section IV that the
controllers stabilize the output voltage within only a few switch-
ing periods, i.e., within 97 ps [approx. 4.7 switching periods,
Fig. 17(b)] in the event of a reference voltage step at rated
output power and within 49 ps [approx. 2.4 switching periods,
Fig. 18(b)] in case of a load step. The obtained results, thus,
represent an excellent basis for industrial designs or for future
comparisons to advanced, e.g., nonlinear and/or adaptive, con-
trol concepts.

II. DERIVATION OF THE INVESTIGATED CONTROL STRUCTURES

This section derives the control structures considered for each
phase of the CVS with the two-stage LC' filter depicted in
Fig. 1. These control structures are the basis for the optimization
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G'filter,4th) input-to-output transfer functions of the filter without load: am-
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detailed in Section III. Only phase A is considered throughout
this study, since each phase is controlled independently. The
obtained results are directly applicable to phases B and C.

The two-stage LC' filter, optimized in [12], is essentially com-
posed of two LC filter stages. Due to the relatively large value
of Cpni2 = Cpwmi, cf., Table 11, and the low inductances of the
second filter stage, Lpni2 + Lp 2 << L1, the two filter stages
cannot be looked at independent from each other. Fig. 2 depicts
the Bode diagram of the two-stage LC filter’s input-to-output-
voltage transfer function, Giyter, With a passive series Rp 2 Lp 2
damping branch, cf., Fig. 1. At no load, this transfer function
has one real zero at —59.8 x 103 s~! and five poles at

51 = —75.8x10% s*
s93 = (—49.14j173) x 10° s7*
s15 = (—164£j26.6 x 10°) s, (1)

The real pole, s;, approximately compensates the real zero
and the remaining complex conjugated pole pairs correspond
to resonance or crossover frequencies of f; = 4.2 kHz and
f2 = 27.5 kHz, respectively. With the damping network being
neglected, the considered output filter can be approximated with
the series connection of two reactionless second-order low-pass
filters according to

2

Gﬁlter,?nd (S) =

and

1 1
Ghiter,atn (8) = 3)

S 2 S 2
1+ (z0) 1+ (5x)
cf., Fig. 2.

Besides these findings, two further important properties are
associated with this output filter.
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Fig. 3. Voltage—current-characteristic of (I) a resistor with resistance R and
(IT) a constant-active-power load with P 15,4 = constant.

1) The first crossover frequency, fi = 4.2 kHz, is less than
the achieved control bandwidths for all considered control
structure, which, in anticipation of the results presented in
Section III-C, are in the range between 6 kHz and 7 kHz.
Itis thus possible to attenuate the resonance at f; by means
of active damping.

2) The second crossover frequency, fo = 27.5 kHz, is
greater than the achieved control bandwidths and active
damping cannot be applied. For this reason, passive damp-
ing is considered, which is effectively achieved with the
Rp 2 Lp > damping network depicted in Fig. 2.

According to Fig. 2, a single second-order low-pass filter
with cutoff frequency fi, e.g., achieved with L; = 161 pH ~
Lpy1 and Cp = 8.8 pF, can be used to approximate the transfer
function of the output filter for frequencies up to the maximum of
the achieved control bandwidth of 7.2 kHz. For this reason, the
second filter stage is first disregarded in Section II-A to allow for
a simplified derivation of the considered control structures. Still,
the second filter stage introduces a phase shift between its input
and output voltages, va; and vy oyt in Fig. 1, also at frequencies
below 7.2 kHz, which is accounted for in Section II-B and leads
to a refinement of the control structures.

The CVS may be operated with passive and active loads,
e.g., constant-power loads, within the limits specified in
Table I. By way of example, Fig. 3 illustrates the voltage—
current-characteristic of a constant-active-power dc load con-
nected to phase A of the CVS [curve (IT) in Fig. 3]. The slope
of the load characteristic, dV/dI, evaluated at the operating
point defined with V) oy and Ia oy, gives the small-signal load
resistance [25]

2
VA,out

PA,load

~ o d"‘]A.,t)ut o
R joad = = =
dZA,out,

“

With Pj10ad = Vaout{aout €xpression (4) can be converted
to RAJoad = —Va.out/Iaout, i.€., the small-signal model of a
constant-active-power load at a certain operating point, defined
by Va,out and Iy oy, is a resistance and its value is equal to the
negative resistance value of a load resistor, R = +Va out/Ia.0ut>
at the same operating point [curve (I) in Fig. 3].

A detailed investigation of the small-signal properties of
three-phase AC loads and single-phase loads (DC and AC),
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reveals that the small-signal load resistance, éA,load, changes
within the range
1 1 1

< <
—-15.90 — ~ 1590 ®)

RAJoa‘d

for converter operation with the following loads:

1) Three-phase resistive AC loads with Fy.q = Pougn =
10 kW and Vx ous > Vx outn =230 V (X = A, B, C;
RMS, line to neutral),

2) Three-phase constant-active-power AC loads with
Boaq = Pout,n =10 kW  and VX,out > VX,out.n =
230 V(X = A, B, C; RMS, line to neutral),

3) Single-phase resistive loads (AC or DC) with Py 1904 =
3.33 kW and V) out > Vaout,n = 230 V (RMS or DC,
line to neutral),

4) Single-phase constant-active-power loads (AC or DC)
with Py 1pad = 3.33 kW and Va gut > Vaout,n = 230 V
(RMS or DC, line to neutral).

A. Simplified Investigation: Single-Stage LC' Filter

The minimum imaginable control structure is a single-output
voltage-control loop, depicted in Fig. 4(a), where the pulse width
modulation (PWM) unit and the T-type bridge-leg are replaced
by a controlled voltage source. The controller G alters the
adjustable voltage source such that the output voltage follows the
desired reference voltage, Vi et (s) = L{va ret (t) }. The control
structures are investigated in the Laplace domain, and, therefore,
the following figures with control parts use capital letters for all
currents and voltages according to the Nomenclature defined at
the beginning of this study.

In a first step and to obtain simple as well as comprehensive
relationships between important system quantities, it is assumed
that the time delay due to the digital control (cf., Section 1I-B)
can be perfectly compensated. Conventional P and PI con-
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trollers, commonly used in power electronics, cannot stabilize
this system for all regarded load conditions (and assumed loss-
less filter components), due to the filter being undamped and
due to possible negative load resistances, cf., (5). In case of
a P controller, Gy = ky, for example, and for L; = 161 pH
and C; = 8.8 pF the root locus depicted in Fig. 4(b) is calcu-
lated for the closed-voltage-control loop: stable operation is only
achievable for RAJoad > 0, since a pole-pair in the right half-
plane, of which the real part is independent of k., results for
RAAload < 0 (for the PI controller, a similar result is obtained).
For this reason, multiloop control structures are considered in
the following.

1) Two-Loop Control Structure: The commonly used con-
figuration depicted in Fig. 5(a) can be used to introduce active
damping to an undamped LC filter stage [32], [33] and repre-
sents the basis of two of the control structures evaluated in the
scope of this study. This configuration is composed of an inner-
current-control loop that controls the inductor current [, and
a superordinate output-voltage-control loop to control Vi gy.
Fig. 5(a), furthermore, includes a load current feedforward
and a reference voltage feedforward. The summation of the
measured output current to the voltage controller’s output value
establishes the load current feedforward and allows the current
controller, Gj, to quickly adapt to a changing load current.
The reference voltage feedforward, which adds the reference
voltage Vj rcr to the output value of the current controller, takes
advantage of V), being a rather linear adjustable voltage source
(in terms of an averaged model) and improves the dynamic
response of the output voltage when the reference voltage
changes.

In the presence of positive and negative small-signal load
resistances RAJoad, a detailed stability analysis identifies a
PI controller to be unsuitable for current control, therefore a
P controller is used instead. For the voltage-control loop, a
PI controller is found to be more suitable than a P controller
(no steady-state error for DC reference voltages). Furthermore,
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the maximum occurring negative load resistance value, here
RA,load = —15.9 Q, is identified to be a critical design param-
eter regarding stable converter operation.

2) Capacitor—Current Feedback-Control Structure [see
Fig. 5(b)]: The capacitor current is an AC current and is equal
to the inductor current minus the load current. Its dynamic (AC)
component is therefore closely related to the AC components of
the inductor and load currents and for this reason overall good
control performances, cf., Section III-C, in case of reference and
load changes are expected. Furthermore, it is shown in [31] that,
for the case of no load, the capacitor—current feedback emulates
a resistor, Ry = k;, connected in series to L;, cf., Fig. 4(a)
and (b) in [31]. This emulated resistor causes no losses (ex-
cept negligible losses in the current sensor) but still introduces
damping. For this reason, stable closed-loop output-voltage reg-
ulation is feasible with the concept shown in Fig. 5(b) even in
the presence of a negative small-signal load resistance. A fur-
ther advantage of the concept shown in Fig. 5(b) is the property
of the capacitor current being a pure AC current, which al-
lows for the use of an AC current sensor. The capacitor—current
feedback-control structure, however, features neither inductor
nor output current limitation options, since the respective DC
current components are unknown.

A detailed stability analysis conducted for this control struc-
ture reveals that the maximum occurring negative small-signal
load resistance value, RAJORd = —15.9 (), is most critical with
respect to stable converter operation also for this control struc-
ture.

B. Detailed Investigation: Two-Stage LC Filter

According to [12], the CVS requires a two-stage LC' output
filter and, hence, additional state variables are available for the
control of the output voltage. Fig. 6 depicts the three control
concepts considered for evaluation: Fig. 6(a) directly applies
the control structure of Fig. 5(a) to the two-stage filter (in Sec-
tion II-A1 a P controller has been suggested for current control);
Fig. 6(b) applies the control structure of Fig. 5(b) to the two-
stage filter and considers both capacitor currents, 141 (s) and
Iao(s) to take advantage of the additionally available capacitor
current'; and Fig. 6(c) is based on the two-loop control structure
of Fig. 5(a), which employs a P controller in an inner-current-
control loop and a second P controller in a superordinate loop
that controls the output voltage of the first filter stage, Vaj (s).
According to the initial considerations detailed in this section,
Vaout (8) = Va1 (s) applies for frequencies up to the output-
voltage-control bandwidth. Any remaining gain and phase er-
rors between Vy o () and Vi (s) are eliminated with the use of
a second voltage controller (PI controller) for Vj o in Fig. 6(c).
The proposed structure prefers the parallel operation of the two
voltage controllers to a solution with a third control loop in
order to not sacrifice the achievable closed-loop output-voltage-
control bandwidth. For stabilizing V o, a PI controller is used

Tt can be considered that the capacitor current T4; (s) more reflects the
ac component of the inductor current I (s) and Ia2 (s) more reflects the ac
component of the load current 15 1544 (s) due to the separating effects of Lp o
and LDI\LQ .
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to eliminate steady-state errors of the output voltage. Only a
P controller stabilizes V}; since, in a practical environment, it
has been found that the control circuit does not work properly if
two integrators are operated in parallel, i.e., the two integrators
conflict with each other.

The final control structures shown in Fig. 6 include delay
compensations according to [34] to lower the impacts of time
delays, caused by the digital control system, on the achiev-
able output-voltage-control bandwidth. Only the output current,
I4,0ut, 1s excluded from this prediction, since the output current
is mainly used to react on a load change, which the employed
algorithm cannot predict. A derivation of the small-signal model
of the delay compensations for i (¢) and va o (¢), for example,
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TABLE III
FACTORS Fk¢ 1 ... ke g, CF., (6) AND (7), USED FOR THE DELAY
COMPENSATIONS IN THE PI-P CONTROL STRUCTURE, CF., FIG. 6(A)

k 31
ol 2 Lpwm,1
3T,
ke.: —=
: 2 Lpwm1
9 T2
ke 1-—
16 (Cpm,1 + Cou,z2) Low,a
. 9 T2
ol 16 (Cpm,1 + Cowm,2) Lowm, i
. 9 T2
@0 16 (Cpm.1 + Cpwm.2) Lon,t
9 T2
ke 1- =
16 (Cpm,1 + Cpa2) Loma
i 3 T
o 2 Cpwm,1 + Com,2
T
ks ’ 2

"2 Cpu.t + Coue

gives

ia0(to + Ta) = ke.1 vao.rer (to) + ke.2 v out (to)
+ kezino(to) + ke iaou(to)  (6)

Vaout (to + Ta) = ke 5 Va0 ret (t0) + Ke,6 Vaout (fo)
+ ke7ino(to) + kegiaous(to).  (7)

The factors k. ;... k¢ g in (6) and (7) are constant factors.
Table III lists the respective expressions (similar results are
obtained for the remaining delay compensations). Moreover,
Td = 15T() =15.6 Us and

Ty = % % =104 ps ®)
denote the time delay of the considered hardware system and
the sampling time of the digital controller (double update mode
PWM), respectively.

This work approximates the time delay of half a sampling
period by means of a Thiran filter [35] and, thus

z {[1 {efs 3TU/2}} ~ % 3Zz++31 ©)

approximately represents the time delay of T = 1.57j in the
z-domain.

All control structures of Fig. 6 employ a first-order digital
prefilter

1
2T e 2 1) (10)

to achieve similar transient error signals at the input of the
voltage controller in case of voltage reference and load steps,
and hence, to realize similar responses of the output voltage in
both cases [36].
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This study conducts the investigations of the transfer func-
tions in continuous-time and uses the Tustin approximation,

2 z—1

2+STO
¢ = — _
Ty z+1

Z_Q—ST(]

(1)

to approximately convert discrete-time transfer functions, that
originate from the implementation on the digital control system,
to continuous-time.

A detailed inspection of the step response of the power stage
reveals that a resistance of Rpy; = 192 m(2, which arises from
the inductor and the output stage of the power converter [37], is
considered in series to the inductor Lpyy 1.

III. OPTIMIZED CONTROLLER DESIGN

This study conducts four separate optimizations for each con-
sidered control structure, with respect to the four evaluation
quantities (EQs) listed below and with all conducted controller
designs being subject to the boundary conditions given in Sec-
tion ITI-A. Section III-B explains the optimization algorithm and
Section III-C discusses the obtained results.

1) Reference tracking I—small-signal bandwidth, fi ss:
The higher the small-signal —3 dB bandwidth of the con-
trol structure the better the reference tracking capability
of the CVS. The CVS shall be capable of generating sinu-
soidal output voltages with frequency components that are
considerably greater than the mains frequency; therefore,
ahigh small-signal bandwidth is of particular interest [38].

2) Reference tracking II—integrated squared voltage er-
ror after a reference step, e _ .;: The output volt-

age, VA out, should follow the reference with the small-
est possible deviation. A measure for this can be ob-
tained by integrating the square of the voltage error,
€2y vret = (UAret — Vaout)?, until the output voltage re-
mains within a certain tolerance band from the reference
value [39]

9 tset,vref
eev,vref = /
0

X VA, ref (t) -
——

2

VA, out (t) dt
———

changes duetochange of v rer

(12)

step change
where fge¢,vrer denotes the point in time after which the
output voltage stays within a deviation band of 1%

VA, out (t) — VA ref (t)
VA ref (t)

< 1% Vot > tset,vref' (13)

The optimization aims to keep ezvﬁvref as small as possible.
3) Disturbance rejection [—integrated voltage error squared
after a step in the load current, €2, .: A load step trig-
gers a transient change of the oﬁtput voltage. The re-
sulting difference between reference and output voltages,

VA ref — UA,out» should be as small as possible. This can
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be characterized by

tset,iload
2 —
eev,iload -
0

2

X VA ref (t) - VA, out (t) dt
—— N——
remains unchanged changesduetoloadstep
(14)

where %t iload 1S the point in time after which the out-
put voltage remains within a deviation band around the
reference value of 1%, cf., (13).

Disturbance rejection II—output impedance, Z4 oy, at
f =3 kHz%. The output impedance can be used to de-
scribe the implication of the output current, —Ia oy (jw),
on the output voltage, Vi out (jw), with respect to mag-
nitude and phase; ,
output voltage to closely follow the reference voltage. For
this reason, the optimization algorithm aims for a low
output impedance.

4)

A. Considered Boundary Conditions

The controller designs are based on pole placement, since
the well-known gain- and phase-margin concepts may fail in
presence of a negative small-signal load resistance (unstable
transfer functions of the filter with load in Fig. 6). The poles
of any closed-loop transfer function of the systems depicted
in Fig. 6 are located inside the area restricted by the linear
boundaries depicted in Fig. 7(a) (f denotes the angle between
the imaginary axis and the pole). According to [40], O, = 12 °
is a reasonable compromise between a quick step response and
adequate stability margin.

The maximum relative overshoot M, of the output voltage,
excited by a reference voltage step, is limited to less than 10%
to only consider controller designs which achieve a tight output-
voltage control. Furthermore, results that lead to settling times
of the output voltage, tc( vref, greater than 1 ms are disregarded
(settling times considerably less than 1 ms are expected for the
given output filter [12]).

In the event of a load step, the value of M;, which is related
to the resulting overshoot of the output voltage and is defined
in Fig. 7(b), is limited to 20% of the height of the voltage dip
AV aout to achieve a tight output-voltage control after load
steps. Additionally, the settling time #1004 after a load step
is limited to 1 ms.

The pole placements, the voltage overshoots, and fget vrer
are calculated for three different load situations, RAde =
[—15.9 Q, 10 M, 15.9 Q] (Ra10aa = 10 MQ approximates

2A frequency much greater than the mains frequencies (50 or 60 Hz) is
selected in order to take the technically more challenging capability of the CVS
of generating the output signals with higher frequencies into consideration.
Still, this frequency is selected such that Z4 ¢ (f) is evaluated well inside the
achieved control bandwidths (between 6 kHz and 7 kHz, cf., Table IV). For
this reason, f = 3 kHz, 60 Hz <« f < 6 kHz, is found to be suitable for the
purpose of a comparison.
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S (s)

AL emin =12 deg

R (s)

v emin =12 deg

(a)

VA out (t)

M < QO%AVAout

A‘/A ,out

(b)

Fig. 7. (a) The gray shaded area denotes the allowed locations of the poles of
the closed-current- and voltage-control loops in the Laplace domain to provide
robustness to the control loops [40]. (b) Example of the response of the output
voltage to a load step and related definitions of AV oy and M;.

the no load situation). The amplitude of the reference volt-
age step is 20 V. For the load step, a current-source type of
load is employed and the step amplitude is 25% X Ia ou,n =
25% x 14.5 A = 3.6 A. Thus, the calculated output-voltage
transients due to a load step are independent of the load
situation.

Further constraints apply to the maximum gains of current
and voltage controllers to keep random variations of the mea-
sured output voltage from the steady-state value, arising from
measurement noise, smaller than +0.5 V. These limits have
been determined by experiments carried out on the hardware
prototype, cf., Section IV, and are listed below

PI-P ctr. structure:
kpvkpi < 4.6 V/Vand ky,; <10 V/A
Cap.-fb. curr.-ctr. structure:
kpy <4.6 V/V,k <10 V/A, and ky <20 V/A (15)
PI-P-P ctr. structure:
(kpv1 + kpva)kpi < 4.6 V/Vand ky; < 10 V/A.
For the PI-P-P control structure, k1 and k2 are the gains of

the voltage controllers for va1 and va o, respectively.

B. Optimization Procedure

Fig. 8 depicts the flowchart of the algorithm used to optimize
the controllers of the PI-P control structure depicted in Fig. 6(a).
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Discretization of the control parameters
@ according to (16);
Discretization of the small-signal resistance,
RAJOM{ , according to (17)

Y

Initialize m = 1, a control para-
meter quadruple (kpy, Tiv, kpis Tpre)
Initialize n = 1, a small-
signal load resistance RA,load

4)' Calc. gain limits, cf. (15)

Gain limits
reached?

Yes: m <~ m + 1

No:m <+ m+1

01,1nin > 12deg
n <1

vai“ > 12deg
tset‘vref < 1lms

M, < 10%

Each
small-signal resistance
considered?

No:n < n+1

Compute L ¢ jload,m

o]

No: meerl@
n 1

M; < 20%
tsef.il()ad < lms

2
@ Calculate €ev,vref,m,n» fbw,ss.m,na
9 h
€ ey, iload,m> Zout,m for all RA,load

No:m <+ m+ 1
n <1

Each con-
trol parameter quadruple
considered?

Determine the best case value
(8) | for each evaluation quantity
and small-signal load

Fig.8.  Flowchart of the algorithm used to optimize the PI-P control structures
with respect to the EQs and the boundary conditions defined in Section III.
Similar algorithms apply to the remaining investigated control structures.

This optimization algorithm essentially remains the same for all
control structures investigated in this study, only the closed-loop
transfer functions change.

The algorithm first initiates a discrete search space accord-
ing to geometric series, cf., (1) in Fig. 8. For the PI-P control
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structure this is

kpy = 10mA/V x 1075, 0<i<96, i€ N,
Ty = 10 ps x 1075, 0<i<144, ieN,
k= 1V/Ax 1078,  0<i<48, €Ny,
Tye = 10 pis x 1075, 0<i<96, ieNy, (16)
for the parameters of the controllers and
Raload = [—15.9 €, 10 MQ, 15.9 Q] (17)

for the considered load situations, which gives a total of
97 x 145 x 49 x 97 x 3 = 201 x 10° different parameter sets.
In Fig. 8, the address variable m accesses the currently pro-
cessed controllers’ parameter set without load resistance and n
accesses one of the three small-signal load resistance values.

With a given set of the controllers’ parameters, the algorithm
verifies in (2) in Fig. 8 that the limits of the controller gains in
(15) are not exceeded. Thereafter, the algorithm computes the
transfer functions L) iy » and L) v ., of the closed-current-
and voltage-control loops in (3) for all considered small-signal
resistances and analyzes the locations of the poles of both
transfer functions. The algorithm continues with the same con-
trollers’ parameter set if the above discussed boundary condi-
tions for robustness and for reference tracking are fulfilled.

In a next step, the algorithm calculates the load current to
output-voltage transfer function Lcjjioad,m in (5 and veri-
fies the disturbance rejection boundary conditions in (¢). If
the considered parameter set also satisfies these conditions,
the algorithm calculates all EQs, ezVAvref, Sow.sss ezv doad?
and Za oyt (@ 3 kHz), for all small-signal resistances in @,
and continues with the next parameter set. The optimization
procedure finally determines, which parameter sets lead to the
best EQs for each considered load condition in (3).

C. Results of the Optimization

Table IV lists the obtained results and the parameters of the
controllers for which the values are reached for each EQ (for
the PI-P-P control structure, kpv; and ko are the gains of the
voltage controllers for V)1 and V3 o, respectively). According
to Fig. 6, the value of the time constant of the prefilter, T},,., has
no effect on the output-voltage response in the event of a load
step. However, any valid parameter set must lead to a response
of the system, which fulfills all boundary conditions discussed
in Section III-A. Due to this requirement, the listed valid ranges
of Ty result for the two EQs €2 ;.4 and Zoy;.

The capacitor—current feedback-control structure is most
competitive with respect to the minimum achievable integrated
and squared deviations of the output voltage due to a reference
step (14.9 mV?s) and a load step (2.0 mV?s) and with respect
to the minimum output impedance (1.4 €2). The PI-P-P control
structure leads with respect to the maximum small-signal band-
width (7.2 kHz). The PI-P control structure is found to be least
competitive for all EQs. The fi,w ss, max and the egvyvref quantities

are given for RA,load = 15.9 Q, since, for a stable system with
a maximum output-voltage overshoot of 10%, this load condi-
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TABLE IV
COMPARISON OF THE FOUR DIFFERENT EQS USED TO EVALUATE THE CONTROL PERFORMANCES OF THE THREE CONSIDERED CONTROL STRUCTURES

EQ PI-P control structure
Value Control parameters
fow.ss.max 5.8 kHz kpy =040 A/V, kp; =83 V/A Tiy, = 750 ps, Tpre = 30 pis, Riload = 15.9Q
efv_\,mf 19.1 mV?s kpy =040 A/V, kp; =83 V/A Tiy = 750 ps, Tpre = 30 ps, Rp 10ad = 15.9 Q
2 oad 2.9 mV?s Fpv = 0.40 A/V, kpi = 8.3 V/A, Ty = 953 ps, Tyre = 30 ps — 147 pis, Ra joad — 00
Zout @3 kHz 1.7Q kpy =040 A/V, kp; =83 V/A Tiy, = 953 ps, Tpre = 30 ps — 147 s, R load — 00
EQ Capacitor—current feedback-control structure
Value Control parameters
fow.ss,max 7.1 kHz kpy =3.8V/V, Ty, =787 ps, k1 =83 V/A ky =154V /A Ty = 14 s, Raload = 15.9 Q
€2 et 14.9 mV?s kpy =3.0V/V,Tiy =402 ps,ky = 8.3 V/A, ky = 18.7TV/A, Tpe = 0, Ra 10aa = 15.9
efv_“wd 2.0 mV?2s kpy =3.7V/V,Tiy =715 ps, ky =83V /A ks =19.6 V/A Tpe =8 s — 178 s, Raload — 00
Zout @3 kHz 1.4 Q kyw =3.7V/V,Tiy =95 ps, k1 =83 V/A ky =19.6 V/A Tpe =8 us — 178 s, RA load — 00
EQ PI-P-P control structure
Value Control parameters
Sow,ss,max 7.2 kHz kpyve =268 mV /V, T, =909 ps, k1 = 0.37TA/V, ki = 7.1 V/A Ty = 17 ps, Raload = 15.9 Q
€2 ret 16.3 mV?2s kpvo =9 mV/V,Tiy =65 ps, kpvi = 0.33 A/V, kpi = 7.9 V/A, Tpe = 3 s, Ra 1oad = 15.9Q
€2 oad 2.2mV?s kpvo = 282mV/V, Tiy = 316 ps, kpy1 = 0.37 A/V, ki = 7.1 V/A, Tyre = 19 ps — 170 pis, Ra1oad — 00
Zout @3 kHz 1.4 Q kpyve =294mV/V, T, =953 ps, k1 = 0.38 A/ V. ki =6.8V/A Tpe =19 us — 178 s, Ra jond — 00

TABLE V
VALUES OF THE EQS OBTAINED FOR THE PI-P-P CONTROL STRUCTURE IF THE CONTROLLER GAIN LIMITATIONS DUE TO MEASUREMENT NOISE (15) WouLD NOT
APPLY (THE TWO OTHER STRUCTURES DO NOT HIT THE GAIN LIMITS); kjy1 AND kp,v2 DENOTE THE GAINS OF THE VOLTAGE CONTROLLERS FOR V1 AND
VA,out OF THE PI-P-P CONTROL STRUCTURE, RESPECTIVELY

EQ PI-P control structure - without controller gain limitations

Value Control parameters
fow.ss.max 8.1 kHz kpyve =44 mV /V, Ti, =348 ps, k1 = 051 A/V . ki = 6.8 V/A, T = 0,1?,\,1(,&(1 =15.9Q
e'ev_”ef 13.9 mVZ2s
€ov.iload 2.1mV?s
Zoui @3 kHz 1.3 Q

kpvo = 51mV/V, Ty = 178 ps, kpe1 = 0.47 A/V, kyi = 7.1 V/A, Tpe = 0, Rp lowa = 15.9 Q
kpva =387 mV/V,Tiy = 10 ms, kpyi = 0.56 A/V, kpi = 6.2 V/A, Tpee = 18 ps — 196 pis, Ra 10aa — 00
Epvo =387 mV/V, Tiy = 10 ms, kpy1 = 0.56 A/V, kpi = 6.2 V/A, Tpre = 18 pis — 196 ps, Rz 1ona — 00

tion has been identified to always lead to the worst-case values
for fiw,ss,max and the ezm,ref. For the ezv,iload and the Z4 oyt
quantities, a constant-current-source type of load is assumed.
For the given hardware prototype, the limitations due to mea-
surement noise, given in (15), only become active for the PI-P-P
control structure. If these limitations would not apply, the PI-
P-P control structure would outperform the capacitor—current
feedback-control structure. For completeness, Table V lists the
EQs theoretically achievable for the PI-P-P control structure if
the limitations according to (15) are disregarded.

This study considers a high achievable small-signal band-
width to be of particular interest [38], therefore, all three control
structures are parameterized with respect to maximum small-
signal bandwidth. With this set of the controllers’ parameters,
the EQs are given in Table VI for all three control structures.
In comparison to the best achievable EQs, cf., Table IV, it can
be seen that the EQs remain almost the same for the parameters
of the controllers selected in Table VI. Furthermore, the afore-
mentioned advantages of the capacitor—current feedback-control
structure compared to the other control structures remain.

Fig. 9 presents the calculated reference voltage and load step
responses of the three investigated control structures for the

parameters of the controllers listed in Table VI. In accordance to
the values of ezv“vref and egv‘iloa q listed in Table VI, the reference
and disturbance actions of the capacitor—current feedback and
the PI-P-P control structures are very similar and superior to
those of the PI-P control.

Fig. 10 depicts the calculated small-signal reference tracking
transfer functions of the three control structures and reveals the
calculated small-signal bandwidths of 5.8 kHz, 7.1 kHz, and
7.2 kHz for the PI-P, the capacitor—current feedback, and the
PI-P-P control structures, respectively.

The computed small-signal output impedances for the dif-
ferent control structures are shown in Fig. 11. The capacitor—
current feedback-control structure features lowest impedances
in the frequency range between 10 Hz and 10 kHz. For frequen-
cies below 200 Hz, the PI-P-P control structure has the highest
output impedance, while in the frequency range between 200 Hz
and 10 kHz, the PI-P control structure gives the highest output
impedance. The values of the output impedance at 3 kHz are
given in Table IV for all control structures.

For a worst-case negative small-signal load resistance of
—15.9 ), the calculated reference voltage responses are de-
picted in Fig. 12 for the parameters of the controllers given in
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TABLE VI
VALUES OF THE EQS OBTAINED FOR THOSE CONTROLLERS’ PARAMETER SETS (GIVEN IN PARENTHESES), WHICH LEAD TO THE MAXIMUM
SMALL-SIGNAL BANDWIDTHS

Control Structure EQ

Jow,ss.max Cov vret €2vilond Zout @3 kHz
PL-P (kpy = 0.40 A/V, ky; = 8.3 V/A, 5.8 kHz 19.1mV?s  2.9mV?s 1.7Q
Tiv = 750 ps, Tpre = 30 ps)
Cap. fb. (kv = 3.8 V/V, Ty = 787 ps, 7.1 kHz 16.8 mV?s  2.1mV?s 1.4
ki =83V/A, ky =154 V/A, Tpe = 14 ps)
PI-P-P (kpyvo = 268 mV /V, T;, = 909 ps, 7.2 kHz 16.8 mV?s  2.2mV?s 1.5Q

Fpot = 037 A/V ki = 7.1 V/A, Tpre = 17 ps)

For the PI-P-P control structure, k,y; and k.2 denote the gains of the voltage controllers for Vy1 and Vo oy , respectively.

25
20 = — RS SRS P
a 15 Aoxef /‘, ‘ VA out PI-P ctr.
% 10 [ X pu PLP-P ctr
= 51— 47/ ‘vaoucap-curr. fb. ctr.
= 4
0 p—aezt
-5
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (ms)
(a)
? T
vA out PI-P ctr.
g 0 UA ref - ‘ —_———
< I
% \ ,/ VA out cap.-curt. fb. ctr.
ﬁo -5 A ./ l T
= I\ J vz,out PIP-P ctr.
{1 E—
0 0.05 0.10 0.15 0.20 0.25 0.3
Time (ms)
(b)
Fig. 9. (a) Calculated output-voltage step responses for a reference step of

20 V and a small-signal load resistance of 15.9 © for the three considered
control structures, and (b) calculated output voltages due to a load step of
25% X I out.n = 256% x 14.5 A = 3.6 A for a current-source type of load.
The parameters of the controllers are given in Table VI.

Table VI. As already noticed for a positive load resistance of
15.9 €, the capacitor—current feedback and the PI-P-P control
structures achieve a faster reference tracking action than the PI-P
controller. Fig. 13 depicts the small-signal frequency responses
for RAJO.M = —15.9 Q). For this load resistance, the control
bandwidths extend to 10.6 kHz, 15.5 kHz, and 13.9 kHz for
the PI-P, the capacitor—current feedback, and the PI-P-P control
structures, respectively.

So far only the small-signal capabilities of the CVS are dis-
cussed. To allow for a more complete picture, Fig. 14 shows the
large-signal capability of the CVS for the most suitable control
structure (the capacitor—current feedback structure), nominal
load (RA1oad = 15.9 ), and for a hardware limited bridge-
leg output current (max |iag(t)| = 2 x 17 A = 24 A [12]).
Fig. 14(a) depicts the magnitude of the fundamental component
of the output voltage vy o, for different modulation indexes,
m = Varet,pk/(Viac/2) where Vi 1ot px is the peak value of the

5
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Fig. 10. Calculated small-signal reference tracking transfer functions for a
load resistance of 15.9 € for the three considered control structures and the
parameters of the controllers given in Table VI.
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Fig. 11. Calculated small-signal output impedances for the three considered

control structures and the parameters of the controllers given in Table VI.
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Fig.12.  Calculated output-voltage step responses for a reference step of 20 V,
R oui = —15.9 Q, the three considered control structures, and the parameters

of the controllers given in Table VI.
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Fig. 13. Calculated small-signal reference tracking transfer functions for
Rpout = —15.9 €, the three considered control structures, and the param-

eters of the controllers listed in Table VI.

sinusoidal reference voltage, and Fig. 14(b) shows the phase
shift between the fundamental component of v4 ¢ and the ref-
erence voltage. With the maximum selected modulation index
of m = 93% the nominal RMS output voltage of 230 V results.

Full and half nominal active power, ie., 10 kW/3 =
3.33 kW and 1.67 kW, respectively, can be provided for fre-
quencies up to 300 Hz (voltage amplitude of 325 V) and 840 Hz
(voltage amplitude of 230 V), respectively, which has been
verified by experiments. Without the limitation of |iso| and
m = 93% [gray curve in Fig. 14(a)], full nominal power is fea-
sible up to a frequency of 1.2 kHz and at the small-signal band-
width of 7.1 kHz, still, half nominal power can be provided.
The calculated results further reveal identical large-signal phase
responses for different m, which are comparable to the small-
signal phase response given in Fig. 10. Fig. 14(c) gives the
calculated THD (considering harmonics with ordinal numbers
< 40 as proposed in IEC 61000-3-2 [41] and including interhar-
monics), which is less than 1% or 4% for frequencies less than
5 kHz or 10 kHz for all modulation indexes, respectively. It is
remarked that the shown large-signal properties have been found
to be characteristic for the inverter and the output filter with load
and nearly independent of the selected control structure.
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Fig. 14. Results of large-signal calculations elaborated for the capacitor—

current feedback-control structure, R4 jo.q = 15.9 €2, and a hardware lim-
ited bridge-leg output current i5y of 24 A, cf. [12]: (a) the magnitude of
the fundamental component of the output voltage va oy for sinusoidal ref-
erence voltages with peak values Vi yqf pk and different modulation indexes,
m = Va ref.pk /(Vae/2) [the gray curve is computed for no limitation of |i o |
and m = 93%], (b) phase shift between the fundamental component of va ¢
and the reference voltage, and (c) THD (including interharmonics) calculated

for v oug ().

IV. EXPERIMENTAL VERIFICATION

The hardware setup used to verify the theoretical results, de-
picted in Fig. 15, is a realization of the output stage shown in
Fig. 1 and uses the filter component values listed in Table II and
SiC MOSFETs (Cree’s C2M0025120D). This hardware setup fea-
tures the specifications given in Table I. The fast switching SiC
MOSFETs enable the use of a relatively short interlocking time of
180 ns. In addition, no compensation methods are implemented
for reducing eventually present output voltage distortions that
stem from the interlocking-time interval.

Fig. 16 depicts the measured waveforms of unfiltered and
filtered output voltages and output currents, vag, VA out> A0
and 74 o, for the capacitive-current feedback-control structure
in the event of a reference voltage step of 10% X va out (t =
0) =10% x 200 V=20V and for the operating conditions
given Table VII [(izg(¢))r, denotes the average of iy over
one switching period]. Fig. 16(b) reveals that the output filter
modifies the dynamic properties of the bridge-leg output current
of the CVS, (iao(t))1.,, e.g., with respect to overshoot and time
delay.
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Fig. 15.  Three-phase three-level T-type inverter prototype with SiC MOSFETS
C2M0025120D and a floating-point DSP TMS320F28335 as well as an FPGA
LFXP2-5E-5TN144C featuring the specifications listed in Table .
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Fig. 16. (a) and (b) Measured waveforms of unfiltered and filtered output

voltages and output currents, VAo, VA out» ¢A0» and ia oy, for the capacitive—
current feedback-control structure, a reference voltage step of 20 V, and the
operating conditions given in Table VII. Table VI lists the controller settings.

TABLE VII
OPERATING CONDITIONS FOR WHICH THE REFERENCE VOLTAGE AND LOAD
STEPS SHOWN IN FIGS. 17 AND 18 WERE MEASURED (APPLIES TO ALL THREE
CONTROL STRUCTURES)

DC-link voltage V. 700 V
Switching frequency f 48 kHz
Sampling frequency fy 96 kHz
Output voltage before the step va out (t = 0) 200 V
Output load R4 15a4q (reference step) 15.9 Q

Output load R4 1544 (load step) 22.20Q —15.9Q
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Fig. 17. Measured and calculated step responses of the output voltages of
(a) the PI-P control structure, (b) the capacitor—current feedback-control struc-
ture, and (c) the PI-P-P control structure. The reference voltage step is 20 V,
Table VII summarizes the operating conditions, and Table VI lists the controller
settings.

Fig. 17 compares calculated to measured output voltages due
to a reference voltage step from 200 to 220 V for all three
control structures and for the operating conditions listed in
Table VII. Small random variations of the measured output volt-
ages from the steady-state values of at most 0.5 V can be seen
(especially in the measurements for the PI-P-P control structure)
because of measurement noise. Apart from these minor errors,
the calculated and measured waveforms of va oy (¢) fit nicely.

Fig. 18 compares simulated and measured transient changes
of the output voltage of the CVS if the connected load, 174 19ad;
changes from 22.2 Q to 15.9 Q (resulting in a current step of
3.6 A), for all three control structures, and for the operating
conditions given in Table VII. In accordance with the corre-
sponding calculated load steps, discussed in Section III-C and
depicted in Fig. 9(b), the momentary decreases of the output
voltage, approximately 8 V, are the same for all three control
structures. However, with the capacitor-current feedback and
the PI-P-P control structures, the output voltages recover more
quickly than with the PI-P control structure.

With the achieved high control bandwidth and the low input
impedance, the presented control structures feature the gen-
eration of high-quality output voltages. Fig. 19, for example,
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Fig. 18. Measured and simulated output voltages for a load step from 22.2  to 15.9 €2 (leading to a load current step of 3.6 A) and the operating condition
given in Table VII: (a) PI-P control structure, (b) capacitor—current feedback-control structure, and (c) PI-P-P control structure. The parameters of the controllers
are listed in Table VI.
400 Even in presence of nonlinear loads, output voltages with
Z 200 low THD values are feasible. This is demonstrated for the
“ 0 capacitor—current feedback-control structure and a diode rec-
; -200 tifier type of load, depicted in Fig. 20(a), which comprises
-400 — — _ :
0 5 10 15 2 Py 30 35 10 of Lyec = 3.4 mH, Cye. = 3.8 mF, and R, = 88 (2, provides
Time (ms) an output power of 1 kW, and a power factor of A = 0.7 for
30 ‘ : VA out, being sinusoidal with a frequency of 50 Hz and an RMS
< 15 V in0—TH — A out value of 230 V. L, is designed such that, at the output fre-
£ 0 quency of 50 Hz, Zy, yec = 2% X Z,eco applies, with Zp, yec =
O; -15 27 x 50 Hz X Lyec and Zyeco = (230 V)2 /1 kW. The selected
-30 i i
0 5 20 15 pos - 30 p 10 values (?f Lr,CC and C,.. lead to a relative Voltage ripple of 2% at
Time (ms) the rectifier’s DC port. Due to the good matching of calculated,

Fig.19. Measured waveforms of v5 0, VA, out»%A0,and iz oy for asinusoidal
output voltage v ot (amplitude is 328 V, frequency is 50 Hz, output power
is 3.3 kW); the measured THD for v oy is 0.67%.

depicts the measured waveform of a sinusoidal voltage with
an amplitude of 328 V and a frequency of 50 Hz, generated
with the considered inverter prototype and capacitor—current
feedback control and for a resistive load; the output power is
3.3 kW and the measured THD is 0.67%.

simulated, and measured results found in Figs. 17 and 18, the
results obtained for the nonlinear load, depicted in Fig. 20(b),
are obtained by way of accurate circuit simulation that includes
a model of the switching stage and correctly reproduces the
turn-on and turn-off delays of the switches.

The output current of the output filter of the CVS, i o in
Fig. 20(b), is clearly nonlinear; its RMS and peak values are
6.2 A and 14.9 A, respectively. Still, vy oy is close to a si-
nusoidal waveform, with a THD of 0.31% (obtained from the
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Fig. 20. Nonlinear load connected to the CVS: (a) connection of the CVS

to a single-phase diode-rectifier load with Lo = 3.4 mH, Cyec = 3.8 mF,
and Rycc = 88 € (b) simulated waveforms of vA out» 74, 0ut> and Viec. The
capacitor—current feedback-control structure is used to control the CVS.

circuit simulator, i.e., this value does not consider the implica-
tion of slight distortions due to minor measurement errors in the
voltage and current sensing circuits used on the hardware proto-
type; for comparison, at no load and for a single-phase resistive
load with Py oy = 1 kW, THD values of 0.24% and 0.21%,
respectively, are obtained from the simulator). Further investi-
gations also reveal a negligible impact of the output impedance
of the CVS on the obtained results: in this regard, the peak value
of the current in L. only increases from 14.9 A to 15.0 A if the
CVS with output filter is replaced by an ideal AC voltage source.

V. CONCLUSION

This paper motivates, models, and optimizes three different
control structures, composed of conventional P and PI con-
trollers and suitable for the output stage of a 10 kW, four-
quadrant three-phase switch-mode CVS with f; = 48 kHz and
a two-stage LC output filter, with respect to reference tracking
and disturbance rejection, which are characterized by means of
four defined EQs, and for common boundary conditions, e.g., for
a maximum overshoot of the output voltage of 10% in case of a
reference voltage step. Each output phase of the CVS is operated
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Fig. 21.  Output voltage due to a reference step of 20 V obtained for an

optimal trajectory-based controller (black curve) and for the capacitor—current
feedback-control structure (gray curve) employing PI-controllers, identified to
be the most suitable structure for the CVS.

individually to allow for maximum flexibility in the generation
of the output phase voltages to supply a wide range of differ-
ent types of load, such as DC, single-phase and three-phase
AC loads including loads with constant-power characteristics
featuring negative small-signal load resistance values.

It is emphasized that the use of accurate small-signal models
features an excellent matching between the presented control
structure models and the measurements. Further it has been
found that the achievable control performance, i.e., with respect
to the values of the EQs defined in Section III, strongly depends
on the two aspects listed below.

1) Delay Compensation: To achieve a high control band-
width and tight output-voltage control, it is found to be
crucial to minimize the deteriorating impact of the system
time delay 7. For this reason, all three control structures
incorporate delay compensation algorithms, which esti-
mate the expected values of the controlled variables at
t =ty + Ty based on previous measurements.

2) Feedforwards and Prefilter: The prefilter for the voltage
reference and the feedforwards of the reference voltage
and the load current are found to allow for a considerable
improvement of the investigated EQs.

For the given hardware setup and among the three struc-
tures depicted in Fig. 6, the capacitor—current feedback-control
structure is identified to be most competitive considering the
four EQs. This control structure realizes an output impedance
of less than 500 m$2 for output frequencies below 1 kHz, a
small-signal bandwidth between 7.1 kHz (for nominal load,
Rigad = 15.9 Q) and 15.5 kHz (for Rigaq = —15.9 €, e.g., oc-
curring for constant-active-power load). At Rmad =—-15.9Q,
the CVS completes a small-signal reference voltage step within
five switching cycles (approximately 100 ps).

Fig. 21 compares the output-voltage step response obtained
with the capacitor—current feedback-control structure to the re-
sponse obtained for an optimal trajectory control. The PWM
pattern for tracking the optimal trajectory has been calculated
offline and minimizes the integrated squared output-voltage er-
ror (including the boundary condition of a maximum overshoot
of 10%). The resulting step response, thus, reveals that optimal
trajectory control can decrease the response time by two to three
switching cycles. Optimal trajectory control, however, requires
an accurate model of the complete system inclusive load, which
may, for example, be achieved with the use of a load estimator
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according to [42]. The fast step responses achieved with P and
PI controllers and the low complexities of the proposed control
structures clearly support the use of well-known linear con-
trollers, e.g., in an environment that is highly sensitive to other
aspects like development time and cost. Still, the widespread
use of digital control platforms and increasing computing ca-
pacity enable realizations of advanced control concepts that are
expected to fill the gap between the two step responses depicted
in Fig. 21.
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