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Abstract. This paper describes control and modulation algorithm of an interesting new 3-level AC-DC-AC converter topology which is based on
well known Neutral Point Clamped (NPC) converter. Main advantage of this approach allows single 3-phase, 3-level converter to be utilized as a full
interface between Pernanent Magnet Synchronous Generator (PMSG) and the single-phase grid. Study of modulation methods for proposed converter
are supported by the simulation. The AC-DC converter is controlled with regard of Field Oriented Control (FOC) principle. The current control of the
DC-AC converter is based on the P+Multi-Resonant controller and Second Order Generalized Integrator Phase Locked Loop (SOGI-PLL). The multi
resonant structure allows a proper operation of voltage source converter under non-ideal grid voltage. Article describes semiconductor voltage drop
and dead time compensation of their influences on converter’s current waveforms. Theoretical background is given.

Streszczenie.  Artykut opisuje algorytm sterowania i modulacji dla przeksztattnika z diodami poziomujgcymi ze zmniejszong liczbg tacznikow.
Oméwione zostaty problemy kompensacji wplywu spadkéw napieé dla tego typu przeksztattnikow. Przedstawiono wyniki badan symulacyjnych
tréjpoziomowego przeksztattnika AC-DC-AC z diodami poziomujacymi. Opisano wptyw czasu martwego oraz spadkow napie¢ na ztaczach elementéw
potorzewodnikowych a takze metody ich kompensacji. Przeznaczeniem uktadu przeksztattnika ztoZzonego z 12 tranzystoréw IGBT jest przetwarzanie
energii produkowanej przez generator z magnesami trwatymi (PMSG). Do sterowania generatora przez przekszta?tnik AC-DC wykorzystano algorytm
polowo-zorientowany. Sterowanie przeksztattnikiem od strony sieci elektroenergetycznej bazuje na regulatorze proporcjonalno-multirezonansowym.
(Algorytm modulacji dla wielopoziomowego przekszta?tnika AC-DC-AC o zredukowanej liczbie tgcznikow.)

Keywords: NPC, dead time compensation, voltage drop compensation, component-minimized
Stowa kluczowe: przeksztattnik z diodami poziomujacymi, kompensacja wptywu spadkéw napie¢, zmniejszona liczba tacznikow

List of Symbols Introduction
t...1evel — time duration of switching signals, Cost optimization of a power converter by reducing the
Q — control signals for IGBT transistors, number of power electronic switches was firstly proposed for
S — duty cycles of control signals, applications in drive market sector [1], [2], [3]. These at-
u,i  —voltage and current, tempts were based on the idea of replacing one of the semi-
~()  —negation for control signals of IGBT transistors, conductor branches with a split capacitor bank and connect-
m — normalized reference voltage ing a phase wire to its middle, what is shown in Fig. 1 It gives
ts — sampling time, lower number of switching devices comparing to a classical
dt —dead time, 2-level AC-DC-AC converter which corresponds to reduced
Dy o - duty cycles for negative,positive and zero states, number of control channels, IGBT driver circuits etc. (there-
G — conductance, fore a single standard 6-transistor integrated power module
G(s) - transfer function in s domain, can be used for AC-DC-AC converter). Despite above ad-
K, K;— proportional and resonant gain of resonant vantages of converter from Fig. 1 for obtaining sinusoidal
controller, current there is a necessity to maintain twice higher DC volt-

Vo...s  — vectors for AC-DC converter, age, what gives higher voltage stress of converter semicon-
A — difference operator, ductor devices. This problem can be solved by application
Wr — rotor angular speed, of a 3L-NPC introduced in [4]. When this technology was
w — grid voltage frequency pulsation. emerging in industry not a single integrated power module

. .grideonv— Signals for DC-AC (grid side) converter, product for 3-level devices was available. At the present day
...abe —voltage/currentin a, b, c phases, manufactures are selling easy to use, integrated half-bridge
...aryy  —voltage/currentin a’, b’ reference frame, power modules with clamping diodes. New compact devices
...123 —switchesin 1,2 and 3 converter legs, make it easier to improve the topology with a split capacitor in
...DC — dc-bus voltage, DC-link. Thus, the improved topology of an AC-DC-AC con-

..ideal  — Vvoltage/current with ideal converter model, verter is shown in Fig. 2.
...comp — voltage/current after compensation, The 3-level NPC in comparison with a 2-level topology has
...ref  —reference signals, well known advantages [5]:
...old  —values from previous sampling instant, e reducing generator torque pulsations,

..ap.dg — Stationary and rotating coordinates, e reduction of the grid filter size,

-.atsat  — value for dead time limit, e lower overall converter losses.
.- -omoff —onand off state values, Moreover, a single phase 3-level NPC inverter with a split ca-
...cEon — collector-emitter junction voltage drop in IGBT, ~ pacitor branch was described in Chapter 2.3 of [6] for pho-
CFW — diode forward voltage, t

ot — duty cycles for positive and negative output ci

voltage states, }'QI }'Qz Q:i
..0 — duty cycles for zero output voltage states, Z
..pred _values obtained by prediction for next sampling "
instant,

. C2
L — correction for reference voltages, }—N o - .
L — complex number denotation, ! 2 T Qs
tr — symbols regarding transistors, :

L — symbols regarding diodes,
..C1C2 _ symbols regarding dc-link capacitors. Fig. 1. Two level reduced component converter.
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Fig. 2. Simulation results

tovoltaic application. It can be concluded that a concept of
multilevel converters with reduced switching devices count
appears in literature but not as a full AC-DC-AC converter.
First section of this article describes the overall control struc-
ture, next section and following are describing modulation
algorithms for AC-DC and DC-AC parts. The last two sec-
tions are reserved for describing solutions for compensation
of voltage drop and dead time effects in three phase AC-DC
converter.

Overall control structure

AC-DC converter control scheme is based on FOC
method [7]. In this scheme reference speed denoted as w,. ¢
is compared with measured angular speed r (Fig. 3). Ob-
tained error is an input for a Pl speed controller that cal-
culates the reference for the current i, ;.. (responsible for
electromagnetic torque). Reference current ig ... is set to
be zero. PI current controllers set voltage values of Ug ¢y
and U, .y needed for modulation. Control scheme for
single-phase DC-AC converter is presented also in Fig. 3,
where practical implementation requires operation in conve-
nient abc coordinate system. Because of current being the
control variable an AC signal P+Resonant controller firstly
proposed in [8] is used. The AUp¢ voltage is an error cal-
culated by subtraction of measured sum of voltages on lower
and upper capacitors (Upc) from given DC voltage Upcref.
Error filtered by a low pass filter with a feutorr = 30Hz2 is
entering a Pl controller. Output value is then multiplied by a
sine function of the grid voltage angle, which is calculated by

179

a SOGI-PLL Resulting outcome becomes reference value for
the P+R current controller. Resonant part of mentioned con-
troller is tuned at the grid frequency w for which the highest
gain is obtained. Transfer function of a P+R controller is given
as:

Kq;SQ
(1) Gpir(s) =Ky +

e

Furthermore, it is possible to improve the control structure in
order to compensate for higher harmonics in output current
when working with a distorted grid voltage. It is done by intro-
ducing additional resonant parts to the P+R controller, sepa-

rately for each individual frequency. Hence, (1) becomes:
KiSQ

(2) Grimr(s) =Ky + Y R

h=1,3,7,9

In this paper, harmonics of the 37, 5" 7" and 9*" order
were chosen to be compensated Fig. 4). Additional reso-
nant harmonic compensation parts are not affecting the fun-
damental frequency component because every surplus reso-
nant block is damping only at its own frequency. This struc-
ture is known as Proportional Multi-Resonant (PMR) con-
troller [6]. One of most relevant problem is modulation al-
gorithm that needs to consider characteristic features of this

topology.

Modulation algorithm for DC-AC converter
From the grid side this converter is nothing more than a

simple half bridge NPC converter with three possible to ob-
tain switching combinations (Fig. 5). Proposed modulation
method for grid side converter is based on a 1-DM modula-
tor [9].
In this case duty cycle will be determine by (Fig. 6):

e calculation of normalized reference voltage (1),

e choice between two nearest states (/1)

e calculating durations for chosen states (//).

Modulation algorithm for AC-DC converter

Converter from the machine (generator) side has 9 pos-
sible switching states (Fig. 7) including one zero vector ().
An example calculation for sector | is presented in Fig. 8. In
order to obtain output voltage at each of eight sectors created
by them on a3 plane two vectors closest to the reference vec-
tor are used and (V;) in the middle of switching period pro-
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Fig. 4. Currents and voltages for AC-DC-AC converter with ideal
semiconductor switches. From top: phase to phase voltages, phase
currents, grid voltage, grid current after compensating for distorted
grid voltage.

ducing a symmetrical output pulses. This type of modulation
method utilizing nine vectors was proposed in [10]. An al-
ternative way for generating switching signals for this type of
AC-DC converter was described by Jacobina et. al [2]. In this
case modulator requires transforming o3 to a stationary co-
ordinate system with two reference voltages U,, and U, with
60° angle difference between them (Fig. 9). After this trans-
formation is performed two sinusoidal signals can be used in
either carrier based, hysteresis or 1-DM modulation for pulse

Fig. 5.
verter

Combination of switching states for DC-AC grid side con-

U

grid_comv_ref

I

tlever=-mtg trtever=mt,
totever=ts-Lievel toteve=tetrievel

Fig. 6. Calculation based on the 1-DM modulation technique

width modulation. Problems that should be considered when
implementing a modulation algorithm in a converter with such
asymmetrical topology with only two active phases:

e voltage drop on semiconductor switches,

e effect introduced by dead time.
Those problems are different than usually proposed for
conventional multilevel topologies [11], because distortions
caused by these effects are more noticeable for AC-DC part
of the converter than it is for DC-AC part connected to grid.

Compensation — semiconductor voltage drop effect
Simulation model for this AC-DC-AC converter was build
in Saber program using Insulated Gate Bipolar Transistor
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Fig. 9.
ages.
(IGBT) switch model with presented in Fig. 10. Currents with
ideal model of controlled switches and model with voltage
drop on semiconductor switches are shown in Fig 11. In

Phase voltages, voltage reference and output phase volt-

— G-
ZS Vew=1.2V,
Goff=1p,
Vepoi=1.25V, Gon=1M
Goff=1p,
Gon=1M

E

Fig. 10. IGBT model consisting of switch and two diodes: tran-
sistor diode (T,) simulating nonlinear transistor voltage drop and
freewheeling diode (Dy,,). NPC diodes are also modeled this way
with exception of VFD,n = 0.9V (in practice average value for
both freewheeling and NPC diodes can be used)
the second case converter currents for are heavily distorted.
Effects of voltage drop on semiconductor junctions are com-
pensated by adding a correction to calculated duty cycles.
In order to estimate values of voltage drops phase currents
should be predicted for next switching instant.

jpred . . . .
) ta . la = la old .pred . U — 1 old
=g (78 =

ts ls

Predicted currents are compared with values calculated from
transistor and NPC diode data sheets in order to determine
state of elements in a and b phases and corresponding volt-
age drops:

on VCEonGto?f; Zgﬁ Goff
= VCEonG?}f; fo% Goff
Zprbed < itr — Utrb = VCEon
(4) zgrbed <qdi va , = Vew
pred pred

t
>7/7 _>'Uab—VCEon+Gtr a,b

pred

pred di
> 100 _>vab_VFW+G" ab

Using Uqares and Ug,.s transformed to 2-phase coordinate
system as in 9 a mean value of voltage drop per sampling
period is estimated. Assuming that at zero states voltage
error is vjfb + v}, (single transistor and a single NPC diode
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Fig. 11.  Phase currents for ideal converter model and converter

utilizing switches with voltage drop.
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Fig. 12. Phase currents with voltage drop compensation.

in a branch are conducting) and in remaining states j:2vflfb
we can write:

Uagres U/ re
Dys = Sgzetl - Wzetl Do =1- Do

U:; re Up/re
(5) Db’j: = ‘ UBd,c fl — ‘ (bfdcf‘; Db’O = 1 — Db’:t
o = (Dwrx(2U7") + Daro(Ug" + UgT))sgn(ia)

chlr = (Db/i(QUZfT) + Db/o(Ulfli + U{fr))sgn(ib)

Then voltages are transformed to o3 coordinate system and
added to reference voltages for modulator.

2 ‘@ QUCT)UﬁT 2 b
Since this converter is using transistors in only two of three
phases this effect is clearly visible as asymmetry in phase

current amplitudes. Simulation results with applied compen-
sation method are shown in (Fig. 12):

(6) Us" =

Compensation - dead time effect

Because of IGBT devices are turning off much more
slower than turning on, there is a need for introduction a de-
lay in control signals of gate drivers in order to prevent short-
circuiting the dc bus. This delay is only for rising edge of
control signals and usually is set to 1-2.5us. This effect is
more visible for low modulation index and low frequency op-
eration [11]. Fig. 13 is a comparison of currents with ideal
converter model and a model with dead time set to 1us, out-
put frequency is 5Hz. Correction for limiting the effect of
dead time is calculated based on current sign and satura-
tion level i4:54: €xperimentally chosen to take in consider-
ation noise near current zero crossing. Like in Fig. 13 for
li| < i4tsat cOrrection value is modeled by two linear func-
tions marked as 1 and 2. Break point separating these two is
in (z1,y1) coordinates of this point are equal 1 = 0.544s_ 4t
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Fig. 13. Currents with dead time effect introduced and with an ideal
model of a converter.

and y; = 0.33igssq¢ Where ig5q; = 0.5A. These values
were chosen experimentally. In case when |iq | > Zgisar
correction is equal to sgn(ia,b). Because this specific con-

Fig. 14. Phase current and correction function for dead time com-
pensation.

verter type generates voltages that in vector representation
are not equal in length (Fig. 8). After obtaining this correc-
tion it is necessarily to chose duty cycle of which switching
combination should be increased/decreased and in case of
a modulator generating vectors non-equal in length introduce
a scaling constant. It is easier to implement this compensa-
tion in vector modulation when lengths of those vectors are
precisely calculated than in 1-DM or carrier based modulation
algorithms. Results of compensation for converter with dead
time introduced to control signals and without voltage drop
on semiconductor switches and with f=5Hz (dt = 1.5us) are
shown on Fig. 15. As can be seen shape of phase currents
14 and 4, improved mainly near zero crossing.
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Fig. 15. Currents with dead time effect introduced and with an ideal
model of a converter.

Conclusion

This paper presented an overall control structure and
modulation algorithm that included dead time and semicon-
ductor voltage drop compensation for a simplified AC-DC-AC
NPC converter. Model utilized non-ideal semiconductor
devices and additional dead time introduced in IGBT con-

trol signals. When comparing to a classic three-phase
conventional NPC converter effects of dead time is even
more visible because only two phases are affected by this
phenomenon. Also hence current in the third uncontrolled
phase is a sum of two active ones voltage drop on devices
leads to higher current flowing through winding of third
phase. Results of simulation study shown that applying
compensation techniques for voltage drop on semiconductor
devices and distortion introduced by dead time leads to
better waveforms of output currents.

Described problems are part of the project number
6511/B/T01/2011/40 "Research and development of a
simplified three level AC/DC/AC diode clamped converter
topology dedicated for use in wind energy applications”
funded by National Science Center.
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