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ABSTRACT

This paper proposes a synchronous reference frame (SRF) based high performance output voltage controller for the 3-level 3-phase
4-leg (3P4L) advanced T-type neutral point clamped (AT-NPC) inverter operated in stand-alone mode. 3-phase inverters for stand-
alone operation are required to provide 3-phase balanced nominal voltage under different load types such as unbalanced linear and
non-linear loads. 3P4L inverters working with these types of load allow controlling zero sequence voltage by additional fourth leg.
The main contribution of this work is the control of the 3-level 3P4L AT-NPC inverter with an LC-type filter modeled based on
the output voltage and capacitor current feedback in the synchronous coordinate system. According to obtained capacitor current
decoupled model, double loop PI controller is adopted to control the output voltage of the inverter. An inner capacitor current
feedback loop is employed to provide fast dynamic response and active damping of the capacitor current. Finally, transient and
steady state operation performance of the controller have been tested with PSIM simulation studies considering different load types.
Simulation results validate that the proposed SRF based double loop PI controller ensure high dynamic response and high quality
output voltage with less than 3% total harmonic distortion (THD) value for the 3-level 3P4L AT-NPC inverter.

Keywords: 3-level, 4-leg, AT-NPC inverter, carrier-based PWM, voltage control.

3-Seviyeli 3-Fazli 4-Kollu AT-NPC Eviricinin SRF
Tabanl1 Cikis Gerilimi Denetimi

oz

Bu ¢alisgma bagimsiz modda ¢aligan 3-seviyeli 3-fazli 4-kollu (3P4L) gelismis T-tipi notr noktasi baglantili (AT-NPC) evirici igin
senkron referans yapi (SRF) tabanli yiiksek performanslt ¢ikis gerilim denetleyicisi 6nermektedir. Bagimsiz isletim igin 3-fazli
eviriciler, dengesiz dogrusal ve dogrusal olmayan yiikler gibi farkli yiik tiirleri altinda 3-fazli dengeli nominal gerilim saglamak
zorundadir. Bu tiir yiiklerle ¢alisan 3P4L eviriciler, ilave dordiincii Kol tarafindan sifir sirali gerilimi kontrol etmeye izin verirler.
Bu c¢alismanin ana katkisi, senkron koordinat sisteminde ¢ikis gerilim ve kondansator akim geri beslemesine dayali olarak
modellenmis LC tipi filtreye sahip 3-seviyeli 3P4L AT-NPC eviricinin kontrol edilmesidir. Elde edilen kondansator akimi
ayristirllmig modele gore, eviricin ¢ikis gerilimini kontrol etmek i¢in ¢ift gevrimli PI denetleyicisi adapte edilmistir. Hizl1 dinamik
cevap ve kapasitor akimmin aktif sontiimlenmesi i¢in kapasitor akim geri beslemeli bir i¢ dongii kullanilmigtir. Son olarak,
denetleyicinin gegici ve kararli durum ¢aligma performansi, farkl yiik tiirleri dikkate alinarak PSIM benzetim ¢aligmalari ile test
edilmigtir. Benzetim sonuglari, 6nerilen SRY tabanli ¢ift dongiilii PI denetleyicinin, 3-seviyeli 3P4L AT-NPC evirici igin %3’den
daha diisiik toplam harmonik bozulma (THD) degerine sahip yiiksek dinamik cevap ve yiiksek kaliteli ¢ikis gerilimi sagladigini
dogrulamaktadir.

Anahtar Kelimeler: 3-seviye, 4-kol, AT-NPC evirici, tasiyic1 tabanh PWM, gerilim kontrolii.

requires huge capacitance to handle the neutral current

1. INTRODUCTION [3]. Another way to obtain neutral point for the zero

Inverters have been widely used in many power
electronics applications, such as uninterruptable power
supply (UPS), renewable energy systems and electrical
vehicle, which need converting DC power to AC power.
In several 3-phase inverter applications, 3-phase 4-wire
(3P4W) inverters are employed to supply 1-phase,
unbalanced and non-linear loads [1], [2]. In 3-phase
inverter applications, these load types result in zero
sequence voltage and current. To handle zero sequence
current, conventional split DC-link capacitors can be
used at the DC side of 3P4W inverter. In this case, neutral
current flows throughout the DC-link capacitor, which

*Corresponding Author
e-mail: mehmetucar@duzce.edu.tr

sequence current in 3P4W inverter is that a delta/star or
delta/zigzag connected transformer is used at the load
side. However, this is not chosen in many applications
because of transformer’s dimensions, losses and cost [2].
Therefore 3-phase 4-leg (3P4L) inverter, generated with
an additional fourth leg (or neutral leg), is employed in
3-phase applications to provide neutral connection and to
control zero sequence voltage.

Other challenging tasks for today’s inverter applications
are high efficiency, low complexity and low cost. Even
though the complexity and cost concerns are partially
satisfied with 2-level topology, low efficiency and high
filter requirements are disadvantages for this topology.
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For these disadvantages, 3-level topologies are a good
solution. Among the 3-level topologies, neutral-point
clamped (NPC) inverter is well-known topology and
widely preferred in industrial applications [4], [5]. The
classical 3-level NPC topology is widely used for
medium voltage applications. Because it is necessary to
place switching devices in series in the topology, higher
conduction losses occur due to the increase in these
devices in the conduction path. Another type of the NPC
topology is T-NPC, which is more convenient for low-
voltage applications and more efficient than the NPC
inverter [6], [7]. Compared to the 3-level NPC topology,
the T-NPC employs an active bidirectional switch to the
dc-link voltage midpoint and gets along with two diodes
less per bridge leg. The T-NPC topology combines the
positive aspects of the 2-level converter such as low
conduction losses, small part count and a simple
operation principle with the advantages of the 3-level
converter such as low switching losses and high output
voltage quality [4]. In T-NPC topology, a bidirectional
switch at the midpoint leg is formed by using two
conventional insulated gate bipolar transistors (IGBTS)
with two antiparallel diodes. Power dissipation in these
switches is high since there are two semiconductors in the
current path as an IGBT and a diode at the midpoint leg.
On the other hand, a bidirectional switch can be designed
with only two RB-IGBTSs, which do not require diodes
[8]. The disadvantage of the T-NPC topology can be
removed using an AT-NPC topology due to the
employment of the highly efficient RB-IGBT at the
midpoint leg. The advanced type of T-NPC (AT-NPC)
was proposed in literature with high efficiency and
reliability [9]. Because of these advantages, 3-level 3P4L
AT-NPC inverter structure, whose detailed analysis and
principles are excluded from the scope of this study, is
employed with the LC-type filter as in Figure 1. As can
be shown in the figure, the additional fourth leg is
employed to provide neutral point for 1-phase loads and
to control zero sequence voltage under unbalanced or
non-linear load conditions.
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Figure 1. 3-level 3P4L inverter structure

To control the 3-level 3P4L AT-NPC inverter system
with low total harmonic distortion (THD) under 1-
phase/3-phase, linear/non-linear and
balanced/unbalanced load  types, double-loop
proportional-integral (PI) controller is designed in this
study. Although, P1 controller has the advantages such as
widely used and easy to implement, it does not enable to
track sinusoidal reference signal and has not enough

controller band width to satisfy high dynamic response in
inverter applications. For these reasons, double-loop PI
controller based on coordinate transformation in
synchronous reference frame (SRF) [10] is used to
eliminate steady-state error [11], [12]. In multi-loop
based voltage control, either output filter inductor or
output filter capacitor current is sampled for inner current
loop variable to obtain fast transient response in
literature. In reference [13], different feedback and
feedforward multi-loop voltage control of 2-level 3-
phase 3-leg inverter for the capacitor and the inductor
currents feedback are analyzed and it indicates that
capacitor current based control is the superior
performance. Moreover, reference [14] proves that
capacitor current based model is more independent of
load variation than inductor current based. Therefore, in
this paper, capacitor current based control is adopted as
in reference [15] to control 3-level 3P4L AT-NPC
inverter with high controller bandwidth and low THD
under aforementioned load types.

2. MODELING AND OUTPUT VOLTAGE
CONTROL OF THE INVERTER

A proper model of the inverter system should be obtained
to achieve high performance output voltage control. The
switching-model can represent detailed dynamics and
characteristics of the inverter. However, the average-
model of the inverter system is more ideal than the
switching-model for controller design employed in this
study, because the switching-model contains the non-
linear structure of the power switches. For the proposed
system given in the Figure 1, output voltages (v;s), pole
voltages (vj, ) and offset voltage (v, ) can be written as:

Vi = ?n’.- (1)
{dj' — df )= ?dﬂ' @)
where j € { a, b, ¢ } and d; is duty ratio of each leg that

range from 0 to 1. According to Egs. (1) and (2), matrix
form of output voltage can be expressed as:

Var dll‘f
[ubf] = di‘f (3)
1-‘._-;' n"”_

From the Figure 1, Eqgs. (4)-(6) can be easily written
using the Kirchhoff voltage and current laws.

ra | by

Vif = Vin-Vin =

ra | by

P Ig p T, Vaw _ daf
L Ia]: | En]— [“aw + = |dps (4)
t dt 2
Ir n uf.‘.’ df_,l'-
vav] | [fea
E U_E-_".'r = E Ifi}' (5)
Vew I
*rr:+*ri:l+:r: _Ir! (6)

where ¥y, Var , Vi are capacitor voltages, I, I3, I are
filter inductor currents, I, is neutral filter current and
filter inductors L, Ly, L. have same value L.
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The obtained time-varying a-b-c coordinate model is

transformed to d-g-0 coordinate (SRF) by using T
matrix and Eq. (8).

cos(wt) '3'3'5{1-*'*—51?] cos{wi +§n]
Ir = ; —sin(wt) —sin{wt —% 7} —sin(wt + %;r]
E L L
()
dXzbe ., T dXa.00
Tr it =Tr i }c'dq.ﬂ,-l——dr (8)

Using Egs. (4)-(6) with Egs. (7), (8), SRF based model of
the inverter is obtained as:

-Id dd Vg Iq.
Ll=%cd,|-¢|vg| +w|-I
ge| 7T 2 i | +wl—lg €)
Iy dg Vo Iy
¢ [ Vg 1 Iea
d_ Wp|l=w |:—1.-‘d:| + - IEE:' (10)
t c
.VD ':I IEI.'
/L 0 0
=0 1/L 0 (11)
0 0 /(L + L)

In the above model, it can be concluded that d-channel
and g-channel have capacitor current cross coupling
terms with wCl7;, -wCV; and have inductor voltage cross
coupling terms with -wLI,, wLI;. The state-space model

including the cross coupling terms can be obtained as Eq.
(12);

BaVyl, VT =a=[1av 1, %] +8+[psD,]"

vl =cs[igvr,v] (12)

In Eqg. (12), the model has 4x4 state matrix (A) and
output matrix (B) and has 4x2 input matrix (C),
moreover; it has  four transfer  functions
va/dg. vgldg valdg v, /dg, the last two of which are
coupling transfer functions. If the channels can be
coupled completely, the coupling transfer functions
would be zero. To simplify the controller design, the
decoupling of inductance voltage terms is omitted,
because the effect of it is little. Additionally, capacitor
current decoupling terms can be added to capacitor
current references for the decoupling. Hence the
capacitor current based state-space model can be
simplified as in Eq. (13);

1] = [F17Ae —/H] [l o e

o = [0 1] HE]

,where R represents output load impedance, Dy
represents duty ratio of each channels. The inverter
produces the output voltage based on reference signals (
vy, vy, vg). The reference signals for the reactive and
zero components of the output voltage (vz, v;) are set to
zero, thus the reactive and zero components of the output

(13)

voltage are regulated to zero. Therefore, only the active
component (¥z) contributes to the actual output voltage.
According to this simplified model, Pl controller is
employed in outer closed-loop voltage control for each
channel in the control structure. Although zero steady-
state error is achieved with integrator of the outer voltage
loop, control bandwidth is so low that cause slow
transient response under unbalanced voltage and load
disturbance. To improve performance of the controller,
inner closed-loop current feedback is employed with
proportional gain. The outputs of the proportional
controller are transformed to a-b-c coordinate and used
as each phase’s line to neutral reference voltages (Vay,

Vs , Vz5) as can be seen in Figure 2.

Carrier-Based
3-level PWM
Generator

Figure 2. SRF based proposed control block diagram

In Figure 3, double loop voltage control strategy is given.
In there, Gy (57} is outer loop voltage controller transfer
function, Gz-(s) is inner loop current controller transfer
function and G, (s) = H;(s) = H,(s) is simplified plant
transfer function, where C is capacitance of the filter, L
is inductance of the filter and R is equivalent resistance
of the filter inductance.

Gre(s) = Kpy +2 (14)

Gecls) = K, (15)

Gy (s) = H(s) + H,(s) = () {S—:L;%_T) (16)
== _Plant_ _

Vago

I
+ €y | |
L v & — |

Inner Loop

Outer Loop

Figure 3. Double loop voltage control strategy

The controller parameters are designed according to
requirements of stability and high dynamic response. In
voltage loop, the gain K, and &; are obtained as 0.8 and
30, respectively. In current loop, the gain Kj; is obtained
as 60. Using these parameters, the frequency response of
the open loop voltage control system with the controllers
is given in Figure 4. It shows that the gain and phase
margin are sufficient to fulfill the requirement of high
dynamic response and stability.
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Figure 4.Frequency response of open loop voltage control
system with controllers

After obtaining the voltage reference signals at the output
of the controller, the carrier-based 3-level pulse-width
modulation (PWM) method is used to generate switching
signals is depicted in the Figure 5. Since the 3P4L
topology has not current path between n point and f point
as shown in the Figure 1, which is different from 3P4W
with split DC-link capacitors topology, there is extra
degree of freedom in the selection of vy, [16]. Thus,
selection of the offset voltage gives some advantages,
which are higher DC-link voltage utilization,
optimization of switching losses and reduced DC-link
capacitor. The offset voltage selection can be achieved by
controlling of gate signal of the fourth leg [1], [5]. To
utilize the advantages that are mentioned above, offset

voltage can be calculated as in Eq. (17).

Vmin

- Vmax = 0
o Vinger 2
Vin = s Vi =0 n
Vinint Pmar
_ ‘min*Pmax elsewhere

The calculated offset voltage is added to phase reference
voltages to obtain modulation signal of each leg as can

be seen in Figure 5. And then, modulation signals are
compared with triangular carrier wave that yields 3-level
PWM signals for each leg.

. + V. 32
Va‘ an

A — th._%
Vit

x

V:f : +N V‘ﬂ
—[ offset Voltage
_)E Calculation | v

K+

Figure 5. 3-level carrier-based PWM technique

3. SIMULATION RESULTS

The performance of the control algorithm designed for 3-
level 3P4L AT-NPC inverter system is extensively
evaluated for the different load types in PSIM software
simulations. The results of the simulations are presented
for three different load types, which are unbalanced load,
1-phase or 2-phase load and non-linear load. PSIM
simulation block diagram of the 3-level 3P4L AT-NPC
inverter system is shown in Figure 6. The inverter system
is created with Fuji Electronic 4MBI300VG-120R-50
RB-IGBT module and with LC-type filter as can be seen
in this figure. The inductor value in the LC filter is
designed with the consideration of limiting the current
ripple to 20% of the rated amplitude. The required
minimum inductance is calculated as in (18), [17]. For
the design of the LC filter capacitance value, the cut-off
frequency of the LC filter is selected typically about
1/10~1/5 of the switching frequency fa, to attenuate the
switching ripple. The parameters of the system are
summarized in Table 1.

(18)

Fuj Eleckic AMBI3NIVG- 1201 50 1GET)

Fuji Eleckic MBI VG- 1201 50 (GBT-RE)

L. ﬂ&ﬁ | By A
o] @ ! A 7
Bfmﬁ* I M R !
L Eéﬂ e --f—o
lssss LE.
RS e

A A N Y 9 of] o] & Telels
T ¥ 88§ §§ ¢§ %1 G 53 3 FER R

Figure 6. PSIM simulation block diagram of the 3-level 3P4L AT-NPC inverter system
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Table 1. System parameters van  Vbn n
Parameter Value & Unit 23: ( ™
Rated Power S 35 kVA o a /
Output Voltage Vin 220 Vems 400 i L N L N
Output Frequency f 50 Hz lLoadA  lLoadE  ILoadC (a)
DC-Link Voltage Vdc 700 V 100 '
DC-Link Capacitor Cdc 2200 pF
Filter Capacitance Cs 30 pF
Filter Inductance L¢ 2mH
Simulation Step Time Ts 20 ps
Switching Frequency fs 5 kHz

In the first case, the control algorithm is tested under
linear unbalanced load type. The load connected to the
inverter output is 10 Q, 5 Q and 12 Q for each phase leg.
Figure 7 shows performance of the system under
unbalanced linear load. As can be seen in the Figure 7a,
the output voltages of each phase are balanced and its
THD values are 1.58%, 1.56% and 1.55%, respectively.
The neutral current caused by unbalanced load flows
throughout fourth leg.

Van Vbn Ven

ILoadA ILoadB

Figure 7. Simulation result of the 3-level 3P4L AT-NPC
inverter system with unbalanced 10 Q, 5 Q and 12 Q
loads (a) output voltages (b) inverter currents
(c) neutral current

In the second case, 1l-phase or 2-phase loads are
connected at the output of the inverter. In this case, the
system start with unbalanced 2-phase loads and then one
of the loads is disconnected at 0.06 s. The result about
this case is shown in Figure 8. It shows that, the designed
controller has fast dynamic response and it provides the
3-level 3P4L AT-NPC inverter system working with 1-
phase or 2-phase loads. Moreover, the output voltage is
balanced and its THD values are 1.80%, 1.74% and
1.76%, respectively.

In the final test case, 1-phase rectifier with RC load is
connected to each phase leg of the inverter output. The
load currents have 80.1% THD value. As can be seen in
Figure 9, the controller provides the 3-level 3P4L AT-
NPC inverter system to work balanced output voltage
under non-linear load type. For this case, THD values of
the inverter output voltages are 2.58%, 2.55% and 2.58%,
respectively.

] 0.02 0.04 0.06 0.08 0.1 012
Time (s)
C

Figure 8. Simulation result of the 3-level 3P4L AT-NPC
inverter system with 1-phase or unbalanced 2-phase
loads (a) output voltages (b) inverter currents
() neutral current

400
200
o |
200 |
400

ILoadA ILoadB ILoadC (a)

100 |
@0
-100

100
o
100 f--

1] n.02 0.04 0.08 0.08 041 012
Time (8]
C,

Figure 9. Simulation result of the 3-level 3P4AL AT-NPC
inverter system with non-linear loads (a) output
voltage (b) inverter currents (c) neutral current

All these results show that SRF based control technique
used in this study fulfills the requirement of high
dynamic response and large stability margin in the 3-
level 3P4L AT-NPC inverter system. Additionally, the
system achieves to work with or without 2-phases. In all
test conditions, the system supply high quality output
voltage with less than 3% THD for the different loads.

4. CONCLUSION

In this paper, SRF based high performance output voltage
controller is proposed for stand-alone operation of high
efficient 3-level 3P4L AT-NPC inverter. For the
controller design, capacitor current decoupled model of
the inverter with LC-type filter is described. The
controller is designed with an outer voltage loop to
ensure zero steady state error and with an inner current
loop to increase dynamic response of the system. The
steady state and dynamic performance of the controller
has been evaluated with PSIM simulation studies. The
results show that the 3-level 3P4L AT-NPC inverter
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system assures high quality balanced nominal output
voltage for balanced/unbalanced, linear/non-linear and 1-
phase/3-phase load types with less than 3% THD value
and provides fast dynamic performance.
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