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Abstract—Three-phase rectifier systems without connection of
the neutral wire are characterized by the coupling of the phase in-
put currents. Considering these couplings requires a transforma-
tion of the system equations into a static a3-frame or into the ro-
tating dg-reference frame where instead of the three coupled phase
currents two independent current components are controlled. In
this paper, it is shown that, despite of the existing cross-couplings,
three independent phase current controllers can be used to con-
trol the system. Thereto, the cross coupling elements of the system
transfer matrix have to fulfill some requirements which are derived
using the Gershgorin theorem. The three-phase A-switch rectifier
circuit is used for analysis and a detailed model of the rectifier sys-
tem is derived where the cross couplings are visible. The model is
subsequently used to evaluate the cross couplings and three inde-
pendent current controllers are designed. Simulation and experi-
mental results verify the control approach using three independent
current controller for three-phase rectifier systems.

Index Terms—Current control,
three-phase ac/dc converter.

power factor correction,

I. INTRODUCTION

NTERCONNECTION of power electronics to the grid has
I in a wide range been performed using passive three-phase
rectifier circuits in combination with inductors located either
on the ac or on the dc-side. These rectifier circuits are simple,
show a high efficiency and are very robust, but result in a total
harmonic distortion (THD;) of the input currents of typically
30-50% and show a considerably small power factor. Due to
upcoming standards containing rigorous input current harmonic
limits such as the airborne standard DO160F [1], passive rectifier
systems cannot be used anymore and either hybrid or active
three-phase rectifier systems have to be applied instead [2].
Active three-phase PWM-rectifiers offer unity power factor, a
THD; below 5% and a high power density. In many applications,
energy feedback into the mains is not required or even not
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allowed and unidirectional rectifier systems such as the Vienna
Rectifier [3] or the A-switch rectifier [4] may be used instead.

The high input current quality of a THD; below 5% is achieved
by proper control of the rectifier circuit. A survey on current
control methods of active three-phase PWM-rectifier systems
can be found in [5]. Whereas the direct power control approach
[6], [7] uses active and reactive power to directly generate the
switching patterns, most control approaches are based on input
currents of the rectifier. Due to possible disturbances and voltage
spikes coming from the grid, the guidance of the input currents
is essential and approaches using direct control of the input
currents seems to be the better solution for rectifier systems.

Many control approaches avoid the time-variant behavior of
the current control loop quantities by transferring the state vari-
ables of the system into the dg-space by application of the Park
transformation [8], [9]. This means that some information on the
mains frequency and the mains voltage phase angle are required
and such a controller might therefore not operate as intended in
case of a single phase loss.

A hysteresis controller as shown in [10] and [11] would be
an effective way to control the rectifier system but its varying
switching frequency increases the effort of EMI filtering. A
controller implementation using the one cycle control method
is presented in [12] and [13] which limits the control to always
only two phases but there the controller structure has to be
changed over every 60°.

In [14], a PWM control method for the A-switch rectifier
circuit has been proposed and in [4] a more detailed analysis
of the switching sequences is given and a simultaneous phase-
related current control of all three phase is proposed. There,
three independent current controllers, one for each phase, are
used to control the input currents. It is, however, prior not self-
evident that this approach yields to a proper and stable current
controller design as only two of the three boost inductors rep-
resent independent energy storage elements due to the missing
neutral point connection of the rectifier system. In this paper,
this control approach is analyzed in detail using the three-phase
unidirectional A-switch rectifier circuit and it is shown that this
approach yields good results as long as some boundary con-
ditions are fulfilled. It is, however, important to mention that
the derived results are not only valid for the A-switch rectifier
circuit but for similar active PWM three-phase rectifier systems
such as the Vienna Rectifier.

In Section II, a short description of the A-switch rectifier
circuit is given and in Section III, a phase-related model of the
three-phase rectifier circuit is derived. The design of a single
input single output (SISO) controller is discussed in Section I'V,
and in Section V, simulation results of the proposed controller

0885-8993/$31.00 © 2012 IEEE
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Fig. 1. Schematic of the two-level three-phase A-switch rectifier.

are presented. The design concept is verified in Section IV by
measurements taken from a 10-kW hardware prototype.

II. THREE-PHASE A-SWITCH RECTIFIER SYSTEM

The basic schematic of the three-phase A-switch rectifier sys-
tem is depicted in Fig. 1. The system consists of a three-phase
diode bridge and three bidirectional (current) bipolar (voltage)
switches S;;(Z,7 € {1,2,3}) which are connected between the
phases (A-connection). The three boost inductors Ly; are con-
nected to the input of the rectifier bridge. Together with the boost
inductors the three switches ;; are used to generate sinusoidal
input currents which are proportional to the mains voltage. Due
to the rectifier diodes, a short-circuit of the dc-link voltage is not
possible. In contrast to a conventional rectifier bridge the diodes
commutate with switching frequency and have to be chosen ac-
cording to this requirement. In Fig. 1, bidirectional switch imple-
mentation using back-to-back connected MOSFETS is shown.
It has to be stated here that MOSFETSs with a blocking voltage
of 650 V can only be applied if the rectifier system is designed
for a mains voltage of 200 V. Due to the two-level characteristic
of the A-switch topology 1200-V IGBTs and 1200-V diodes
have to be used for a mains voltage of 400 V.

The A-switch rectifier circuit can only generate discrete volt-
age space vectors which are used to approximate the con-
verter’s voltage reference vector v, in the time average over
the pulse period. This yields, in connection with the mains volt-
age space vector vy to an appropriate input current ¢y (more
details can be found in [4]). The total available voltage space
vectors are depicted in Fig. 2. Each vector is marked with
(812, S23, S32)(sign(in1), sign(ing), sign(ins)) where 1 means
that the corresponding switch S;; is turned ON and O that it is
turned OFF. The current direction is marked with +/— for cur-
rents flowing into/out of the rectifier system and x designates
that the vector is independent of the current direction of the cor-
responding phase. All voltage space vectors with two or three
switches in the on-state short all three input phases on the recti-
fier side and are therefore redundant. This redundancy cannot be
used advantageously and only two switches can hence be used to
control the input currents. The remaining switch has to be per-
manently OFF during this 60°-sector. The required clamping
actions considering all 60°-sectors are summarized in Table I
for all MOSFETs, where, i.e., 0 indicates that the corresponding
MOSFET is permanently off in this sector.
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Fig. 2. Total available voltage space vectors of the A-switch rectifier system.
Depending on the input phase current directions only four voltage space vec-
tors can be generated. Each vector is marked with (s12, 523, s32)(sign(in1 ),
sign(in2), sign(ins)).

TABLE I
REQUIRED CLAMPING ACTIONS; O INDICATES THAT THE CORRESPONDING
MOSFET 1s OFF FOR THE WHOLE INTERVAL; 1 INDICATES A CONTINUOUS
TURN ON IN THE CONSIDERED INTERVAL AND PWM; ; THAT THE MOSFET 1S
MODULATED BY THE CURRENT CONTROLLER

S12 821 523 832 S13 831
330°...30°  pwmiz 1 0 0 pwmas 1
30°...90° 0 0 pwmeos 1 pwmas 1
90°...150° 1 pwmar pwmas | 0 0
150°...210° 1 pwmar 0 0 1 pwmsi
210°...270° 0 0 1 pwmsz 1 pwmsi
270°...330°  pwmiz 1 1 pwmsz 0 0

The basic structure of the controller used in this study is shown
in Fig. 3 and has been proposed in [4]. All three input currents
in; are sensed by appropriate current sensors and compared with
the corresponding reference currents y;;. The reference currents
are generated by multiplying the mains voltages vy; by a ref-
erence conductance G which is defined by the superimposed
output voltage controller Ky (s). The output voltage controller
is typically implemented as a Pl-type controller in order to
avoid a steady state control error. Due to the multiplication with
the conductance G, ohmic input current behavior is achieved.
Together with a mains voltage feedforward signal [15], the cur-
rent controller K(s), which shall be implemented as a P-type
controller, generates the phase-related modulations signals m;
which finally yield to the required converter phase voltages v,;.
The bidirectional switches are connected between two phases
and therefore the equivalent line-to-line modulations signals are
required for PWM generation which correspond to the line-to-
line voltages v;; (see also [4]).

The star-A transformation is followed by two pulse-width
modulators which generate the PWM signals for the MOSFETSs
of the bidirectional switches. In general, dependent on the cur-
rent direction of the bidirectional switch, only one MOSFET
has to be gated. If the second MOSFET is permanently OFF
during this time, the current is carried by its body diode and the
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Fig. 3.
shown by double lines.

relative large forward voltage drop yields to higher conduction
losses which could be reduced if the second MOSFET is turned
ON as well. The current direction of the switch only changes
every 120° and this MOSFET can therefore be permanently on
during this time interval. Two independent PWM signals are
hence required for the bidirectional switches.

The presented controller structure achieves ohmic input be-
havior by multiplying the measured phase voltages with a con-
ductance G. This simple approach would, however, result in
input current distortions in case of a distorted grid voltage which
can typically not be tolerated. A PLL as shown in [16] and in-
dicated in Fig. 3 or tuned band passes can therefore be used
to generate reference voltages containing only the fundamen-
tal component of the grid voltage. This is, however, not easily
possible in case of a variable mains frequency as it may occur
in aerospace applications where the mains frequency can vary
between 360 and 800 Hz.

III. CONVERTER MODEL

The proposed controller structure uses decoupled models for
the ac-side of the rectifier system (current control) and dc-side of
the rectifier system (output voltage control). The decoupling of
the voltage and current control loop is justifiable by the different
dynamic behaviors of both sides. The time behavior of the cur-
rent control loop is related to the switching frequency f; where
the output voltage control is related to the mains frequency fy
which is considerably lower than f;. The typically relative large
output capacitor C, is the decoupling element of the two control
loops and a cascade control structure can therefore be used. In
this paper, only the design of the current controller is discussed,
whereat the design of the superimposed voltage control loop can
be found in [17].

In order to be able to design a proper current controller an
adequate model of the rectifier system is required. The digital
controller will be implemented using a DSP and sampling effects
and delay times caused by the calculation time of this digital
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T sector Ly;
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Structure of the cascaded control proposed in [4] including the phase-oriented PWM current control. Signal paths being equal for all three phases are
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Fig. 4. Equivalent dual-boost circuit for pn € [—30°, +30°].

implementation have to be considered for the stability analysis
of the controller loop. Due to sampling of the analog signals
the phase margin of the system is reduced considerably and
a system model neglecting these effects will not yield to an
optimal control of the rectifier system.

The three switches of the A-switch rectifier system are con-
nected between the phases which means that all three currents
are directly affected by the switching action of one bidirectional
switch. Due to the high redundancy of voltage space vectors
one switch is always continuously clamped to the off-state in a
60°-sector. An equivalent circuit consisting of two boost circuits
(dual-boost circuit), as already shown in [12], can be drawn for
each sector. Fig. 4 shows the resulting dual boost circuit for
©N € [—30°,+30°]. The input voltages v;2 and v13 show pos-
itive values and the input current in;1 shows positive direction
whereas the input currents 9 and ix3 show negative direction.
Switches S15 and S5 are pulse-width modulated and according
to Table I the switches So3 and S35 are clamped to the off-state.
It is obvious that the boost inductor Ly and the rectifier diode
D, are shared by the two virtual boost circuits.

An analysis of all sectors shows that for each sector a cor-
responding equivalent dual-boost circuit similar to the circuit
given in Fig. 4 can be derived. The corresponding equivalent
dual-boost circuits and the resulting parameters of the elements
for each sector are listed in Table II.
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TABLE II
EQUIVALENT DUAL-BOOST CIRCUITS OF THE A-SWITCH RECTIFIER AND CORRESPONDING CIRCUIT ELEMENTS FOR EACH 60°-SECTOR

Circuit Cq Circuit Co
©ON Circuit Va Vg La Lp Lc Sa SB Da Dy D¢
—30°...30° Ca V12 V13 Ln2  Lns Lt S12 S13 Doy Dsn Dip
30°...90° Cq v13 v23 Lnit Ln2  Lnz Sis Sa3 Dip,  D2p  Dan
90° ...150° Ca v21 v23 Lni LNz L2 Sz S23 Din Dsn  Dgyp
150°...210° Cy V21 V31 Lo LN3 LNt So1 831 DQD D3p Din
210°...270° Ca V32 v31 Ln2  Lni Lnz Saa S31 D2y,  Din  Ds3p
270° ...330° C V12 vz  Ln1 Lns  Ln2  Si2 Ss2 Dip  Dgp  Don
20 and v;3 and vy are the line-to-line mains voltages. The
150 ~ o averaged input current ix ave fOr instance can be calculated
lNl(t) IN1 using
10—
@ 5 LNZ(t) 1 T
- T iNl‘avg = ?/ INT (t) dt (D)
oF— s Jo
= iNs(®)
-20 - ] where T; = 1/ f; is one pulse period. In the following, only iy

290 295 300 305 : 310i i315 320 325 330
Ug 3

7/
U13

USas

V23

0
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Fig. 5. Simulated voltage and current waveforms for ¢x = 45° system
parameters: Vy = 115 V, V, =400 V, fx =400 Hz, Ly = 330 ¢H and
P, = 5kW).

In the following, a model for sector ¢n € [30°,90°] is de-
rived. The approach can be applied in a similar manner to the
other sectors.

Average mode current control will be used to control the rec-
tifier system which means that all signals are averaged over one
pulse period. In order to apply the average mode current control
concept, the bandwidth of the controller must be chosen sig-
nificantly lower than the switching frequency of the converter.
Fig. 5 shows the simulated voltage and current waveforms
around N =45°(Vy =115V, V, =400V, fx = 400 Hz,
Ly =330 H, and P, = 5 kW), where vg,, and vg,, are the
corresponding voltage waveforms of the bidirectional switches

is written instead of ix1 avg for a better readability but means
the averaged value over one pulse period. Averaging over one
pulse period and application of Kirchhof’s law on the circuit C1
given in Table II results in

ding ding

s — Ini—L 4 Ing =23 = (1= 613) V,
V13 NI + Lng o ( 13)

di di
vgg—Lm%um%:(l—&gm )

where (1 — §13) V, is the averaged voltage across switch Si3.
The forward voltage drops of switches and diodes are neglected
in (2). Due to the missing neutral wire connection in addition

INT +in2 +ing =0 (3)

has to be satisfied. The output voltage controller ensures a con-
stant output voltage V,, which is in most cases fulfilled (approx-
imately even during load transients). In a first approach, V; is
assumed to be constant so that the nonlinear equation (2) gets
linear. The Laplace transform can therefore be applied and if
equal boost inductors Ly; = Lyo = Lng = Ly are assumed
(2) and (3) yield to

vz —in1SLy +ingsLy = (1 —013) Vo
V23 — inasLn +ingsLy = (1 — d23) Vi
in1 +in2 +ing = 0. @

This simplification yields to a simple model for current control
where the impacts of output voltage variations or saturation
effects of the boost inductors are not considered. Solving (4)
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IN1 V:) 1 2 —1 513
N9 = 7 g -1 2 +
g/ TP\l o) o
2 -1
N 11 L (U1g)+
SLNS 1 1 V93
v, 1 (!
+ =51 -1 5)
SLN 9

According to (5), the input currents are dependent on the duty
cycles d;;, the line-to-line mains voltages v;; and the output
voltage V;,. Using the modulation function m,; the duty cycle
is defined by

6” =1- myj. (6)
The A-related modulation functions are given by
my; j = m; — mj (7)

where the corresponding duty cycles of the virtual single-phase
systems are

®)

In the final controller implementation, an input voltage feedfor-
ward part is used in conjunction with a P-type controller. The
mains phase voltage v;, related to the output voltage V;,, is there
added to the output of the current controller m;

4
7 )

After a short calculation the A-related duty-cycles d;; result in

5,’21—’/77,,‘,

mi g = (mz + 9)

v
By use of (10), the input currents can be described as a function
of the phase related duty-cycles

Oijg =1+0; —0; — (10)

in1 N e A

S R EEE I

IN3 - - 3
=G(s) 6 (11)

where in and d are vectors and the 3 x 3 matrix G(s) is the
multiple input/multiple output (MIMO) small signal average
mode transfer function describing the A-switch rectifier system.

It is obvious that not only the elements G;;(s), but also el-
ements outside of the main diagonal G;;(s)|;z; are not zero.
This means that for instance a change in the duty-cycle d; does
not only take effect just on the phase current 7y but also on the
phase currents ix9 and ins.

The reason for this strong coupling can be explained by use of
(3). Due to the missing neutral connection of the rectifier system
the sum of all three input currents is forced to zero. A change of
the duty-cycle d; therefore results in a change of input current
in1 which, however, also affects the currents ix9 and in3. Due
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Fig. 6. Multiple-input multiple-output controller loop of the rectifier system
consisting of the controller K (s), model of the rectifier system G (s) and current
measurement M (s). The vector wq (s) models a disturbance in the duty cycle.

to this circumstance the cross couplings are physical in nature
and cannot be neglected a priori.

The elements in the main diagonal of G(s) are equal and
the elements outside of the principle diagonal are equal which
results in a symmetrical system behavior. The step responses on
01 and the step responses on 0, are equal with respect to the
corresponding phase current iy;.

The matrix G(s) given in (11) was only derived for the sector
©N € [30°,90°] and is only valid in this sector. However, due
to the symmetry of the system all sectors result in the same
transfer matrix (11) as can easily be verified by repetition of the
calculation for other sectors.

IV. CONTROLLER DESIGN

Because of the nonzero nondiagonal elements of G(s) in
general a multivariable controller K(s) (3 x 3 matrix) has to
be designed. Nine controller elements K;;(s) would have to
be determined in order to implement a proper controller. The
multivariable controller structure is depicted in Fig. 6, where
G(s) is the derived model of the rectifier system, K(s) is the
multivariable controller, and M(s) is the transfer function of
the current measurement. It is assumed that the measurement
system shows no cross-couplings, hence M(s) is a diagonal
matrix. The vector wq(s) models a possible disturbance in the
duty cycle generation (e.g., turn-off delays of the MOSFETsS or
deviations in the feed-forward voltage).

A return difference matrix

12)

of the multivariable control system can be defined which is used
for controller design and for stability analysis.

A simple approach for controller design is to ignore the
cross couplings of G(s) in a first step. The multivariable con-
trol problem then simplifies to three independent single-input
single-output (SISO) control systems according to the elements
G;;(s) and the influence of the remaining cross couplings have
to be analyzed carefully after the controller elements have
been designed. Fig. 7 illustrates the basic idea of this control
method [18], [19]. The precondition for this control approach
are loose cross couplings of G(s) and the amount of cross cou-
pling can be estimated by the calculation of the corresponding
Gershgorin bands [18].

A design method using this basic idea has been developed by
Rosenbrock [19] and is known as direct Nyquist array (DNA)

F(s) = [T+ G(s)K(s)M(s)]
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Fig. 7. Control loop illustrating the basic idea of the DNA control design
method. The three controller elements K;; (s) are designed according to the
main diagonal elements G; (s). The operating controller, however, has to deal
with the full system G (s).

method. This method is used in the following for controller
design and a summary of the method is given in the Appendix.

The measurement system in the easiest way can be modeled
by a gain ky; typically representing the number of bits per
ampere. The matrix M(s) results in

kv 0 0
M(s ) = 0 kum 0 (13)
0 0 ku
and together with the P-type controller matrix
k, 0 0
Kis)=10 k 0 (14)
0 0 kp

the return difference matrix (15), shown at the bottom of the
page, can be calculated.

It is now assumed, that the P-type controller gain &, is de-
signed in such a way that the single-phase control loop is stable
(details are discussed later). In a next step, the stability of the
MIMO control system has to be checked by examining the return
difference matrix F'(s).

The elements of the return difference matrix given in (15)
result in

m

|Fa(iw)] > Y | Fy ()]

j=ig#i
3jWLN + 2kp kM V;) kpwm 2kp kM % kpwm (16)
3jwlx 3jwLn

for the A-switch rectifier under investigation. Due to the term
3jwLy the matrix F(s) is diagonally dominant and the MIMO
control loop is stable. This means that three independent con-
trollers can be designed using the diagonal elements G;; (jw)
and that the whole rectifier system is stable if the equivalent
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single-phase control loops are stable. The DNA method, how-
ever, only assures stability and gives not information on the
performance of the coupled control loops.

The derived result is not limited to the A-switch topology
and is a general result as more or less all three-phase converter
circuits, e.g., such as the six-switch two-level rectifier circuit,
the three-level neutral point clamped converter (NPC) or the
Vienna Rectifier topology, show a similar structure as given in
(11).

The DNA design method is not limited to a P-type con-
troller structure and can in general be extended to PI-type or
P-Resonant controllers. The requirement of diagonally row or
column dominance of F(s) [cf., (25) and (26)] may for these
types of controllers only be fulfilled by a sufficiently small con-
troller gain which may not be achieved easily. The stability
criterion used by the direct Nyqusit array method shown in Sec-
tion A is, however, only sufficient and not required which means
that the control loop may be stable although it does not fulfill the
presented requirements. Alternative design methods optimized
for PI-type controllers have thus been developed [18].

If diagonally row or column dominance of F(s) cannot be
achieved by a simple P-type controller a decoupling of the con-
verter behavior can be done. A decoupling block

L(s) = G(s) 'diag (G;(s)) (17)
is thereto located in front of the converter matrix G(s) for
full decoupling which transfers the coupled state variables into
decoupled ones. Fully decoupling is only possible if the transfer
functions G;(s) show considerably high excess of poles, i.e.,
the number of poles of G;(s) is considerably higher than the
number of zeros of G;(s). This, however, would reduce the
dynamic of the resulting plant and decoupling is therefore only
used to achieve diagonal row or column dominance. Decoupling
of the converter behavior is, however, not used for the case at
hand.

As a next step, the controller elements K11 (s), Ko22(s), and
K33(s) have to be determined according to the diagonal ele-
ments G1(s), Ga2(s), and G33(s). The three elements G; ()
are advantageously equal and the design of the three indepen-
dent controllers can be reduced to the design of one controller.
The control system will be implemented using a DSP and sam-
pling effects and scaling constants have to be considered. The
resulting (single-phase) control loop for the elements Gy (s)
and K71 (s) is shown in Fig. 8 where the controller is given
in its digital form Kj;(z). The digital redesign method of an
analogue controller (cf., [20]), e.g., using the bilinear (Tustin)
transformation for discretization can be used. A symmetrical
PWM is applied and the phase currents are sampled at each

3SI/N + 2k;p kM ‘/0 kpwm _ kp k‘M V:) kpwm _ kp kM % kpwm
3SLN 3SLN 38LN
k kMV:)k Wi 3SL\I + 2k kMVZ)k win k kM%k Wi
F(s) =1+ G(s)K(s)M(s) = -2 38LNp SSPLN u —ﬁ (15)
_ kp kM ‘/o kpwm _ kp kM ‘/0 kpwm 3SLN + 2kp kM ‘/0 kpwm
38LN 3SLN 3SLN
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Fig. 8. Single-input single-output control loop of input current iy if the
occurring cross couplings are neglected.

TABLE III
SYSTEM PARAMETER FOR DESIGN OF THE CONTROLLER

Mains voltage: VoL =200V
Switching frequency:  fs = 72kHz
DC-link voltage: Vo =400V

Boost inductor: Lx =330 uH
Scaling measurement:  kn, = 821 Digits/A
Meas. time constant: T = 5 us.

Scaling PWM: kpwm = 11104 Digits/Period T

80
= — == Converter
) 60~ N = === Controller
g — L~ Foliw)
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Fig. 9. Calculated Bode plot of the (digitalized) equivalent single-phase sys-

tem. A P-type controller with a gain of k&, = 0.25 leads to a phase margin of
60°.

peak value of the triangular-shaped carrier signal. The sampled
current value is then equivalent to the current average value (see
also [21)).

The delay of the symmetrical PWM is, according to [22],
modeled by a sample and hold element Gy (s) and the calcula-
tion delay of the digital controller implementation is considered
by the block z~*. The current sensor and analog measurement
circuits contain a first-order low-pass filter (bandwidth limita-
tion) and the more comprehensive model

km
M”(S) 1 + sTy
where ky, is the number of digits per ampere and 7Ty is the filter
constant, is used.

A P-type controller is designed in the following for a system
with the parameters listed in Table III.

Any control design method or method for stability analysis of
single-phase system can be used to design the P-type controller.
The controller actually is designed using the Bode plot. Fig. 9
shows the Bode plot of the equivalent single-phase system with
and without the P-type current controller. The controller gain
was set to k;, = 0.25 which yields to a cross-over frequency of

(18)
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2.2 kHz. This justifies the use of average mode current control
as the switching frequency of 72kHz is considerably higher.
According to Fig. 9, a gain of k, = 0.25 results in a phase
margin of 60°. Due to the limited sampling frequency of 72 kHz
and the dead time 7} = 13.9us, introduced by the calculation
time of the controller, a pronounced drop of the phase with
increasing frequency can be observed. This verifies that the
control loop has to be analyzed as sampled data system for a
proper control design and cannot be treated as continuous system
which is frequently done in order to simplify the controller
design. A design neglecting the sampling effects would result in
a control loop with considerably reduced phase margin which
could finally cause instability of the rectifier system. At least
the robustness of the controller is reduced.

A. Behavior in Case of Distorted or Unbalanced Mains
Voltage

As already discussed a PLL can be used to derive sinusoidal
reference voltages which are multiplied by the conductance G
in case of a distorted mains voltage. The measured distorted
actual mains voltages should, however, be used to implement the
input voltage feed-forward part in order to prevent input current
distortions. A deviation in the feedforward voltage results in an
error voltage across the inductors and the impact on the current
distortions are alleviated by the current controller. The particular
behavior is equivalent to an error in the duty cycle which can be
analyzed using the disturbance transfer function F'y(s) which
will be discussed below.

Due to the missing neutral wire connection the mains voltages
(and therefore also their fundamental component) satisfy the
condition

UN1 + UN2 + N3 =0 (19)

also in the case where the three phase voltage magnitudes are not
equal. The proposed method using the conductance G results
in unbalanced input currents and a pulsating power flow from
the grid to the dc-link occurs. A balancing method could be
applied if balanced input currents are required.

B. Consideration of EMI-Filter and Mains Impedance

The discussed control loop relies on an ideally sinusoidal
voltage source connected to the ac-side of the boost inductors.
An EMI filter has, however, to be connected to the input of
the rectifier circuit in order to comply with existing EMI stan-
dards and also the impedance of the grid which can in a first
approach be modeled by an inductor Ly; must be considered.
The EMI filter tends to increase the amount of cross coupling
and also some coupling between the filter stages exists [23].
A careful construction and arrangement of the EMI filter com-
ponents, however, limits these additional couplings. Neglecting
these cross couplings allows to draw a single-phase equivalent
circuit of the EMI filter as shown in Fig. 10(a) for a three-stage
EMI filter. Such a filter is used in the implemented hardware
prototype of the A-switch rectifier. The impedance of the EMI
filter and of the mains shall be considered for the controller
design and an equivalent circuit as shown in Fig. 10(b) can be
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(b)

Fig. 10. (a) Equivalent single-phase circuit of the A-switch rectifier input in-
cluding differential mode EMI filter and mains impedance Ly and (b) simplified
equivalent circuit which can be used for controller design.
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Fig. 11.  Simulated response to a current reference step iy = 0 — 10 A and

controller output of the equivalent single-phase system.

calculated. The impedance Z,; has finally to be considered in
(2) and may decrease the performance of the resulting control
loop. This is not done here for the sake of a simple model.

V. CONTROLLER PERFORMANCE

In the following, the A-switch rectifier system is used together
with the designed P-type controller to simulate the performance
of the proposed control strategy. Fig. 11 shows the step response
of the digitalized single-phase system for a step of ix; = 10 A,
if cross couplings from/to the other phases are not considered.
Two curves are shown in Fig. 11, one considering the calculation
delay of the digital controller and one without consideration
of this delay. An overshoot of only 5% can be observed for
the curve considering the calculation delay. In addition, the
controller output (duty cycle 9) is plotted.

The simplified controller design using the DNA method en-
sures only stability of the MIMO control but gives no informa-
tion on the performance of the coupled system. The performance
must therefore be checked by examining the system behavior
using simulation tools. The impact of the calculation delay as
shown in Fig. 11 is not considered in the following analysis of
the coupled system. The system dynamic will therefore be sim-
ilar to those of the single phase system without consideration of
this delay.
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Fig. 12.  Simulated response of the MIMO control system for a (a) forced

current step of only iy, to 1 A and (b) of iy, to 1 Aandiy,, iy4 to —0.5 A.

Using the designed current controller K(s), the MIMO con-
trol transfer function

in(s) -1
T = = F —
(5) = 1) = GOK(F()
Kip Kipomn Ve N S
_ pipwm Vo + 1 2 -1 20
SLN + kpwmkpkm‘/o 3 1 9 ( )

can be calculated where F(s) is the return difference matrix
defined in (15). Note that the calculation delay is not considered
here. With this transfer function the step response of the MIMO
rectifier system on a step only in iy is analyzed. The responses
of the three input currents are depicted in Fig. 12(a). Such a
current step is in practice not possible due to ix; + iN2 + iNg =
0 and accordingly a response of all three phases can be observed.
The response is, however, useful to study the influence of a
control action in one phase on the other two phases. According
to Fig. 12(a), the input current ¢y reaches only an amplitude of
0.66 and the two remaining phases show a response in negative
direction. Both responses show the same time constants which
can also be verified by inspecting the elements of T(s). A
control action in one phase therefore intrinsically affects the
two other phases. Note that the system response, e.g., settling
time of the coupled system given in Fig. 12(a) is as expected
slightly different to the system response of the single phase
system shown in Fig. 11.

Fig. 12(b) shows the step response of the input currents for
reference values not violating inx; + in2 + tn3 = 0. A step of
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in the duty cycle wq; = 0.33 using (a) P-type controller (£, = 0.25) and (b)
PI-type controller k;, = 0.25, Ty = 0.2 ms).

i3 o T A and 73, iy to —0.5 A is performed. Quite evi-
dently, the system response shows the same time constants with
the difference that no steady-state control errors occur. This
verifies that the proposed control approach using three inde-
pendent SISO controllers is well suited to control the coupled
three-phase system.

According to Fig. 6 also the disturbance transfer function

wgqls _
Pa(s) = $400 = GP() =
2 -1 -1
kpwmv:) 1
= -1-1 2 -1 21
SLN + kpwm kp km‘/o 3 1 1 9 ( )

can be calculated. The simulated response of the rectifier sys-
tem to a step in wq; = 0.33 is plotted in Fig. 13(a). As well
known from single-phase systems a P-type controller cannot
fully compensate such distortions. According to Fig. 13(a), this
is also true for the A-switch rectifier system.

A PI-type controller would be able to compensate this dis-
turbances and the simulated system response to a step in wq;
using a Pl-type controller (k, = 0.25, Ty = 0.2 ms) is shown
in Fig. 13(b). The PI-type controller, however, shows a tracking
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Boost inductors

Output DC-link
capacitors

Semiconductors

Controller board

(2)

CH1 100V
CH2 10A

CH3 10A
CH4 10A

(b)

Fig. 14. (a) Constructed 5-kW A-switch laboratory prototype and (b) mea-
sured input currents and phase voltage under continuous operation condition
atVpp, =200V, fx = 400 Hzand P, = 4 kW (THD; = 2.3%, A = 0.999);
CHI: mains voltage v/N3, 100 V/Div; CH2-CH4: phase currents, 10 A/Div;
timebase: 1 ms.

error for line-frequency signals and generates distortions in the
vicinity of the zero crossings as discussed in Section VI.

VI. EXPERIMENTAL RESULTS

The constructed rectifier system shown in Fig. 14(a) is used to
verify the designed control approach. The constructed hardware
prototype is designed for a mains voltage of 200 V and an output
power of 5 kW. In order to illustrate the good performance of
the system the measured input currents at steady-state condition
for a mains frequency of 400 Hz, as it may occur in an aircraft,
and an output power of 4 kW are given in Fig. 14(b). The
currents show sinusoidal shape and are in phase with the mains
voltages where only phase voltage vxs is shown in Fig. 14(b).
The measured THD; of 2.3% and the measured power factor
of 0.999 verify the good performance of the controller during
steady-state condition.

In order to verify the dynamic behavior of the three current
controllers the particular step responses have been measured.
The step is performed by increasing/decreasing the reference
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and ino = ing = —1.75 A at o = 160°. The step is performed by increas-
ing/decreasing the reference current for a duration of 2 ms (the corresponding
control signal is marked with 1m4¢ep ). Chl:ing, 10 A/Div; Ch2: iy, 10 A/Div;
Ch3: in3, 10 A/Div; Ch4: mggep, 200 mV/Div; time scale: 5 ms/Div.
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Fig. 16. Measured response of the control loop on a step of iy, = 5 A and
iNe = ing = —2.5 A. (a) Measured signals: Chl: ixy, 5 A/Div; Ch2: ing, S
A/Div; Ch3: in3, 5 A/Div; Ch4: miep , 200 mV/Div; time scale: 50p s/Div. (b)
Comparison of measured currents without fundamental component with results
obtained by simulation.

current for a duration of 2 ms as shown in Fig. 15 (system op-
erated at 50 Hz). The corresponding control signal is marked
with mgep. The current step is added during operation with an
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Fig. 17. Measured response of the control loop on a step only in iy, (i.e.
iy, =S Aand iy, =iy, = 0A. (a) Measured signals: Chl: iny, 2 A/Div;
Ch2: ix2, 2 A/Div; Ch3: i3, 2 A/Div; Chd: miiep, 200 mV/Div; time scale:
100 g s/Div. (b) Comparison of measured currents without fundamental com-
ponent with results obtained by simulation.

output power of P, = 2.4 kW in order to prevent discontinuous
mode of operation which may occur due to the unidirectional
behavior of the rectifier system. Due to the short duration of the
current step and due to the slow dynamic of the dc-bus voltage
controller the output voltage increases only slightly and inter-
actions between the dc-bus voltage controller and the current
controller do not occur.

Fig. 16 shows the step response of the current control loop
on a step of iy;; = 5 A and 3, = 733 = —2.5 A while the sys-
tem is operating with an output power of P, = 1.57 kW. While
Fig. 16(a) shows the original measurement, the 50-Hz compo-
nent caused by the operating point of the rectifier system has
been removed in Fig. 16(b) and the experimental results are
compared to results provided by simulation using the derived
model of the rectifier. In contrast to the results discussed in Sec-
tion V (cf., Figs. 12 and 13) the calculation delay and also the
measurement filter with Ty = Sp s is considered in the sim-
ulated waveform which results in a tolerable overshoot. The
measured currents are in good agreement with the simulation
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results which confirms the proposed simplified controller design
neglecting the cross couplings of the converter system.

In Fig. 17, the response of the control system on a step only
in iy, 1.€. iy, = 3 A and i3, = ix3 = 0 A is shown. Such a
step is not possible due to i1 + in2 + in3 = 0 and as shown
in Fig. 17(b) a steady-state deviation occurs.

The disturbance behavior of the designed controller is tested
by adding a step signal directly to the modulation signals as
shown in Fig. 6. The measured results using a P-type controller
are given in Fig. 18(a) where the 50-Hz component has already
been removed. The P-type controller is not able to fully remove
the control error and the expected steady state deviation re-
mains. In Fig. 18(b), the measured disturbance behavior using a
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Sms 108 V

Fig. 19. Measured input current ix1 and input voltage vy taken from
the implemented laboratory prototype if a PI-type current controller is used
(V, =200V, fx = 50Hz, P, = 2.5kW); CHI:ix1, 10 A/Div; CH4: vy,
100 V/Div; timebase: 5 ms.

PI-type controller with the parameters k, = 0.25 and Ty =
0.2 ms is shown. Due to the integral controller part the dis-
turbance is fully compensated. A PI-type controller seems to
be a better solution for implementing from this point of view.
Next to the problem, that the PI-type controller does not show
ideal tracking for 50/60-Hz signals, which could basically be
achieved using a P+Resonant controller, the PI-type controller
furthermore generates distortions in the vicinity of the zero
crossings. Directly after a zero crossing the integral part of the
controller shows a wrong sign and has to be reduced by an ac-
cording control error (with the integrator time constant 7). The
resulting (wrong) duty cycle yields to input current distortions.
Fig. 19 shows a measurement result taken from the implemented
laboratory prototype using a PI-type controller. Rather large dis-
tortions in the vicinity of the zero crossings can be observed.
In addition, due to the cross couplings of the rectifier system,
the zero-crossing distortions of the two other phases are evident
(every 60°). An implementation of a zero-crossing detection,
which allows to reset the integral part of the PI-type controller
directly after a zero crossing occurred, would be a possibility
to reduce this negative effect [24]. The system operation, how-
ever, then depends on the correct detection of the zero crossings
which should be omitted in order to achieve a robust current
control behavior.

Overall, the implemented controller using three independent
current controller by neglecting the cross couplings shows good
dynamic behavior and the experimental results are in good
agreement with the results obtained by simulation using the
derived converter model.

VII. CONCLUSION

Using the three-phase A-switch rectifier system, it has been
shown that three independent current controllers, one designed
for each phase, can under consideration of some boundary con-
ditions be used to control the coupled three-phase rectifier sys-
tem. This simplifies the controller design and eliminates the
transfer of the system in a stationary frame or in a synchronous
rotating dg-frame. The reason, why this simple approach can be
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applied has been found in the loose cross couplings of the MIMO
transfer function G(s) of three-phase rectifier systems. As
shown in this paper, the Gershgorin-theorem can be used to de-
termine whether the use of three independent controllers is pos-
sible or not. The method has been derived using the three-phase
A-switch rectifier system, but is not limited to this topology and
can be used for any three-phase rectifier of inverter system.

APPENDIX

In the following, the DNA method will be discussed briefly;
the interested reader is referred to [18] for further details. The
DNA method is an extension from the Nyquist stability and
design criterion for SISO systems. The design approach uses
the return difference matrix

F(s) = [I+ G(s)K(s)M(s)]

which would be a diagonal matrix in case of a fully decoupled
system. As for single-phase control systems the poles of the
multivariable control system are decisive for stability which can
be calculated by solving the characteristic equation

det[Ar; I+ G(s)K(s)M(s)] = 0.

(22)

(23)

The eigenvalues Ap; are not equal to the diagonal elements F;; in
case of a coupled control loop and the cross-couplings directly
take effect on the eigenvalues. The larger the cross couplings
the larger the difference between the eigenvalues Ap; and the
diagonal elements Fj;. The amount of cross couplings can be
estimated using the Gershgorin theorem which states that the
eigenvalues of the return difference matrix F(s) are located in
bands with the frequency dependent radii
Di(jw) = > |F;(jw)]-

J=1j#i

(24)

The return difference matrix F'(s) is called diagonally row dom-
inant if
|Fi(jo)| > > [Fy(w)]
J=1j#i

and diagonally column dominant if

(25)

| (jw)| > 2: | Fji (jw)

j=1,j#i

(26)

applies.

According to [18] the following stability criterion can be
derived:

The control loop, using decoupled SISO controllers designed
according to the main diagonal elements G ;, is stable if F(s)
is either diagonally row dominant or diagonally column dom-
inant and if the transfer functions G;;(s)K;;(s)M;;(s) for
1= 1,2...m encircles the critical point —1 —n™ -times clock-
wise where n' is the number of poles of G;;(8)K;;(8)M;;(s)
located in the right half-plane.

This stability criterion is, however, only sufficient which
means that the control loop may also be stable if the criterion is
not fulfilled.

Based on this stability criterion Rosenbrock derived the so
called DNA method [19]:
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Assumptions:

1) The controlled system G(s) is a system without direct
feedthrough.

2) G(s) is approximately diagonal row or column dominant.
3) G(s) is bounded input bounded output (BIBO) stable.
DNA design method:

1) Design of m single-phase controllers K;; (s) which show,
together with the diagonal elements G;;(s) and M;;(s),
the desired transfer characteristic.

2) Check if the return difference matrix is diagonal row dom-
inant [cf., (25)] or diagonal column dominant [cf., (26)].

3) If 1) and 2) are fulfilled the resulting multivariable control
system is stable. Otherwise, the controller K(s) has to be
altered as long as 2) can be satisfied.

4) The control quality of the resulting multivariable control
system has to be checked using simulation tools.

The stability margin of the designed control loop can be esti-
mated using the distance of F}; (jw) to the critical point —1 were
the Gershgorin bands around Fj; (jw) have to be considered. The
stability margin can hence be analyzed using

D;(jw) _ 27:1,]7£2|FU(]W)|
11+ K;(jw)Gii (jw)| |Fi (jw)|

27)
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