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ANALYSIS AND SIMULATION OF A THREE-PHASE DELTA INVERTER FOR A STAR-
CONNECTED RL LOAD

Ahmet GUNDOGDU **, Resat CELIKEL ?, Sehmus FIDAN ®

In this study, analysis and simulation of the electrical and mathematical
model of a 3-phase and 3-switch delta inverter that fed a three-phase RL
load were performed. First, the Matlab/Simulink model of the inverter was
created. In this model, an RL load of R=102 and L=0.005 H was fed and
various simulations were made. The simulation results were obtained using
3 step switching technique for different conduction modes. The delta inverter
that has a simpler structure and less switching elements than conventional

inverter structures can be easily realized with low-cost microcontrollers.

Key words: Power electronics, DC-AC power converters, Pulse inverters,

System analysis and design, Delta inverter.

1. Introduction

As in all areas of science and engineering, there have been also significant developments in the
field of power electronics in the last 50 years. High efficiency and small volume systems consisting of
advanced power electronics circuits have taken the place of low-efficiency, large-volume control
systems that can be carried out in classical terms. Instead of direct current motors used in variable-
speed control systems having high-dynamic-performance, advanced control methods allowing the use
of synchronous, asynchronous and newly developed motor types have been developed [1]. In parallel
with the developments in the material field, new and superior motor types have been added to existing
motor options and smaller and faster switching elements have been developed. Rapid developments
occurring in power electronics switching elements have been effective in the development of power
converters and motor drive systems that provide superior control and operation characteristics.

Power inverters are power supplies that ensuring the control of electrical energy. In all control

systems where advanced control methods are used, a controllable power supply is needed. In variable
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speed applications, the variable voltage and variable frequency required by the motors are provided by
power converters known as controlled power supply.
These converter structures used in drive systems are classified in Fig.1[2]. AC-AC converters

provide conversion from the alternating current to the alternating current that is at different amplitude
and frequency.
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Figure 1. Classification of the power converters.

Depending on the type of power transfer link used between them, this conversion is done in two
different ways: i) Single-stage ac-ac conversion (direct link), ii) two-stage ac-dc-ac conversion (dc
link) [3].
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Both types of converters require the use of a large number of semiconductor switching
elements and appropriate modulation techniques. In most motor drive systems used in industry, dc link
converters that make two-phase conversion are used. These converters are made up of two parts. First,
by rectifying the ac input voltage with the help of rectifier circuit, it is converted to the dc voltage. In
the second step, with the help of an inverter circuit, this obtained dc voltage is converted to ac voltage
at variable amplitude and frequency. According to the configuration of the used dc link, inverters are
divided into two sections, voltage source inverters (VSI) and current source inverters (CSI).

The voltage source inverters have large filter capacitors that are at the input terminals and hold
the dc link voltage constant. In these inverters, the adjustable output voltage and frequency are
independent of the load current. On the other side, the current source inverters provide a more
controlled load current with the help of large-value inductors connected in series to the input
terminals. That is, the load current is more controlled compared to the voltage. Here, the inverter
output voltage depends on the load impedance. Especially the voltage source inverters are widely used
in academic studies and industrial applications. Delta inverter, which is from the family of voltage
source inverter, was first proposed by Evans and colleagues in 1980 for variable speed drive systems
fed from off-grid insulated batteries [12].

Although there are many studies related to the power converters given in Fig. 1 in the literature,
the studies related to the delta inverter, which cannot take place in this classification, are limited. In
these studies, inverter design and harmonic analysis of it [5,7], vector control application [6], the open-
loop control of the induction motor [4,16], comparison of the delta inverter with the bridge inverter
[8], analysis of the switching techniques having 120° and 240° conduction modes [8], speed and
torque estimation of the BDCM motor [9], vector control and performance analysis of the BACM
motor [10], for large-scale PV systems, a 30 kW grid-connected delta inverter design and analysis of
it [11], self-control application of the BDCM motor with FPGA [13,18], direct torque control of the
induction motor with FPGA [14], direct torque control of the induction motor [12,15,22,23], control of
the delta inverter with SVPWM [17,19,20], and comparison of RFOC and DTC techniques [21] were
performed successfully.

In this study, the electrical and mathematical model of a 3-phase and 3-switch delta inverter that

fed a star-connected RL load was analyzed and simulated in Matlab/Simulink environment. The
simulation results obtained in different conduction modes were presented comparatively.

2. Structure of the Delta Inverter

Inverters are widely used in all areas where variable frequency and voltage are needed [24,25].
Fig. 2 shows the power circuit of the delta inverter, which is a voltage source inverter.

In its structure, there are 3 semiconductor switching elements and 3 insulated equivalent DC
sources. A switching element is connected in series with each DC source to form a leg of the inverter.
The inverter output voltage is generated with the appropriate modulation of S1, S2 and S3 switches.

Each output line voltage is generated by two switching elements.
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Figure 2. Power circuit of delta inverter.

When the switches on each inverter leg enter the conduction and cutoff respectively, positive and
negative alternative voltages emerge at A, B, C points.

In order for the delta inverter to be able to generate a nominal output voltage, only 2 switching
elements must be OFF at any instant of "t" time. If one switching element is OFF and the other two are
in the ON position, the inverter cannot generate the voltage and current required for the load. If all
three switching elements are in OFF position in the same "t" instant, then the inverter is short
circuited. Short-circuit currents at high-value occur and damage the inverter. To avoid short circuit, 3
switching elements must not be in the conduction at the same time.

For the switching elements, the state of being in the conduction is expressed with 1 and the state
of being in cutoff is expressed with 0. Accordingly, Sa, Sg, Sc switching functions can be written as

follows,

(1, 51,583 ON
SA'B'C_{O, 51,52,53 OFF (1)

According to this definition, 22 = 8 different switching states forming the Va, Vs, Vc voltages
at inverter output is obtained. For each switching state, delta inverter generates 8 different voltage
vectors. Six of these voltage vectors (V1, Va2, Vs, Vi, Vs, and Ve) are called as “active” voltage vector.
Among these, Vi, Vs, Vs vectors are called “low-amplitude”, V2, Va, Ve vectors are called “high-
amplitude” voltage vectors. Fig. 3 shows the switching states corresponding to each of the 6 active
voltage vectors generated clockwise at inverter output according to the being in conduction and cutoff
states, respectively.

The Vo vector is obtained in the case of S1=S,=S;=0 where all switching elements are in cutoff
and is called “zero” voltage vector. When the zero voltage vector is applied, the source currents and

the external circuit currents become zero.
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Figure 3. Switching states.

The V7 vector is obtained in the case of S;=S,=S;=1 where all switching elements are in the
conduction and is called the “short circuit” voltage vector. The V7 vector causes high-value short
circuit currents to flow by making the inverter short circuit. Therefore, V7 voltage vector should not be
applied in practice. The inverters output voltages, which are obtained depending on the switching
states given in Fig. 3, are shown in Table I.

Table 1. Switching conditions and line to line voltages

Su(Sa) | Sa(Se) | Ss(Sc) Vor Vas Ve Vea
0 0 0 | ve[ooo] | 0 0 0
1 0 0 V1 [100] Voc 0 0
1 1 0 V,[110] Vbe Ve -2Vpc
0 1 0 | wvs[o101| o Voc 0
0 1 1| vepo1] | 2Vee | Voe | Voc
0 0 1 Vs [001] 0 0 Voc
1 0 1 Ve [101] Ve -2Vpe Ve
1 1 1 | wmyg| o 0 0

From these vectors, Vi, Vs, Vs vectors connect only one DC source in the inverter to the two-
phase end of the three-phase load. In this case, a voltage as much as Vpc/2 is applied to both phase
windings of the load. Therefore, these vectors are low amplitude vectors in terms of their effect on the
windings. At any instant of "t" time, the V,, Va4, Vg vectors connect two DC sources in the inverter

between each three-phase winding ends of the three-phase load. In also this case, a voltage as much as
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Voc is applied to both phase windings of the load. These vectors are high-amplitude vectors in terms of

the effect they created on the winding. V.7 vectors are defined by the Equation 2.

V; = V3 = Vi, Low amp. vector

V, =V, = Vg, High amp. vector

Vo, Zero volt. vector (2)
V;  Short Circuit volt. vector

V0,7(SASBSC) =

3. Delta Inverters and Star-Connected Load

In Fig. 4, the connection of a 3-phase star-connected RL load to the delta inverter is presented.

RL LOAD
Va
A
Ve =
:
0-'
S3
¢ —
V¢ ic 7

Figure 4. The RL load that is star-connected to the delta inverter.

According to this connection, Van, Ven, Vcn phase-neutral voltages can be written as a result of the Sa,

Se, Sc switching functions, as in Equations 3-4-5.

Van = “2£(S4 — S¢) (Sp + 1) (3)
Van =25 (S5 = Sp) (S + 1) (4)
Ven = “25(Sc — Sp) (Sa + 1) (5)

The af components in the stationary axis frame of phase-neutral voltages are calculated by Equation
6-7.
V,, = Vypn.Cos (8) + Vgp.Cos (8 + 120°) + Vg, Cos (6 + 240°) (6)

Vs = V- Sin (8) + V. Sin (6 + 120°) + Vgp.Sin (6 + 240°) ©)

Here, the conversion coefficient matrix obtained by taking 8 = 0° is given in Equation 8. This

coefficient matrix will be used in later motor control applications.

A > 1 _1/2 _1/2 Van
[Vﬁ]:\/; 0 \/3_)/2 —\/§/2 [Kﬁ: (8)
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Van, Ven, Ven phase-neutral voltages and V., Vs components of the V1.6 vectors that form these voltages

are given in Table I1.

Table Il. Switching conditions, phase-neutral voltages and Valpha , Vbeta voltages

S1(Sa) | SaASe) | Ss(Sc) Vo Van Ven Ven Vo Vi Vi—o7
0 0 0 V,[000] 0 0 0 0 0 0
vDC vDC 3VDC vDC | I
_ 0 - | - = | —=vDC
1 0 0 V1[100] 2 5 NG Nz | V3
VDC 0 vDC vbe vbe \V2VDC
1 1 0 V,[110] NG 7
vDC vDC vDC 1
0 | = 0 — | =vDC
0 1 0 V4[010] 3 3 7 Ny
vDC | vVDC 0 ype ) rpe \2VDC
0 1 1 V,[011] NG NG
vDC vDC 3VDC vDC | I
_ 0 = | = | - = | =vDC
0 0 1 V5[001] 3 3 PN |
2VDC
1 0 1 Vg[101] 0 -VDC vDC 0 - T \V2vDC
1 1 1 V5[111] 0 0 0 0 0 0

The regions of the V, and V; components forming the Vi vectors and their polarities are given in

Table 11I.

Table Il1. Polarities and regions of Valpha , Vbeta components and conduction modes the active

voltage vectors.

Conduction Modes
a B region 1200 180° 2400

Vi + - 4 ® ® -
Vo | + + 1 ® ®
V3 0 + +B ® ® -
Vo | - + 2 - ® ®
Vs - - 3 ® O] -
Ve | 0 - -B - ® @®

The schematic representation of Vi.¢ vectors, whose polarities and regions are given in Table I1l, on

the ap plane is given in Fig. 5. V1.6 voltage vectors formed by V., Vs voltages in af plane are given in

Equation 9 in terms of amplitude. As seen, in terms of amplitude, V-, Vi, Vs vectors have two times

more amplitude compared with the Vi, V3, Vs vectors.

Vol = |Va| = |Vs| = \/EVDC _

1 =
Vil = V3| = |Vs| = =V,
| 1 | 3| | 5| \/E DC
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Figure 5. Schematic representation of V1.6 vectors.

4. Modulation Technique

Electrical drives are widely used in control and automation systems. These drives can be
examined in two different parts, the power and control sections. In the power section, switching power
supplies, called controlled power supply, converters and inverters are used. On the other hand, the
control section includes modulation techniques (MT) which change both the waveform and amplitude
of the output voltage of these controlled power supplies at the desired intervals.

Many different modulation techniques have been developed for the control of electrical drive
systems whose detailed classification is given in Fig. 1. The most commonly known of these
techniques are: Six-step switching, Pulse Width Modulation, Sinusoidal PWM, space vector PWM,
and Hysteresis Band switching technique.

At the end of the analysis conducted in this study, it has been observed that for a 3-phase delta
inverter, depending on the switching combination of 3 IGBT, there are three different conduction
modes. These are 120° conduction mode, 180° conduction mode, and 240° conduction mode. Each
conduction mode requires a different modulation process. In a one-period duration, 120° conduction
mode and 240° conduction mode take place within 3 steps. On the other hand, 180° conduction mode
takes place within 6 steps. The voltage vectors that are active in each conduction mode are given in
Table 11

As can be seen from the Table Ill, whereas V1 ,Vs,Vs voltage vectors with low amplitude are
used in 120° conduction mode, V2 V4 ,Vs vectors with high amplitude are used in 240° conduction
mode. In 180° conduction mode, all of the V1-Vs vectors are switched together. Depending on these
active voltage vectors, the inverter shows different behavior in each conduction mode. In this way,

different voltages with low and high amplitude can be obtained at the inverter output. In this regard,
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delta inverter can be used in many different applications. Using these three basic conduction modes,
more advanced different modulation algorithms can also be developed.

For the 120°, 180° and 240° conduction modes, switching states, phase-neutral voltages that can
be obtained from the inverter output, and phase-phase voltages are shown in Fig. 6. These graphs are
obtained in the condition in which the load connected to the inverter output is star-connected.

120°Mode 180°Mode 240°Mode
100 f 010 | oo1 | {100 | 110 | 010 } 011 | 001 | 101 | Poo110 ) o011 i 101
| —
S3 ]
[ ] i i ] ; ; i
0 600 1200 1800 2400 3000 3600 0 1200 2400 3600
V. Van
0 ) +Vic » +Vnc
[ 0] Vic o] Ve
Voc/2
Vin +Vic/2 n
Bﬁl e/ Vnol Ve Ven l +Vnc
Ve 0 Vic
Vioc/2
Ven +Vioc/2 [
0‘ ol +Vic ol +Vnc
Voe/2 Ven | Vo Voo |—Voe
V“é +Vpc VABO +Vic +Vic Vag +Vic +Vbc
-2Vnc -2Vnc
Vic Vic Vc
0 +Vic 0 +Vic 0 +Vnc
2V -2Vc
Vea
Ve +Voc Vea Ve 0 e
-2Vpc
-2Vnc

Figure 6. For 120°, 180° and 240° conduction modes, switching states, phase-neutral voltages
that can be obtained from inverter output, and phase-phase voltages

5. Simulation Model

Fig. 7 shows the Matlab/Simulink block diagram created for the analysis of a star-connected 3-phase
RL load fed by the delta inverter. The current graphs obtained for the conduction modes examined in
detail in section 1V are given below.

B

[1o0]
V1 (100)
[110]
V2 (110)
[o1 0]
V3 (010)
[o11]
V4 (011)
TXRN PWM_S3  CpaAM T
V5 (001) T

[1o1]
V6 (101)

PWM_S1

i

sector

!
o

angle

Jw

PWM_S2

i

*

!

angle

Q

Delta inverter

!
2]

Figure 7. Matlab/Simulink block diagram for star-connected 3-phase RL load.
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For modulation, switching elements were switched by selecting 120°, 180° and 240°
conduction modes. Fig. 8 shows the angular change graph of the modulation signal, from which these
conduction modes are obtained, and the sectors. This modulation signal, which was obtained by the
movement of the unit vector with 50 Hz scanning frequency in the 360° circular plane, was divided
into 3 regions of 120-degree within a one-period of time. These regions are called sectors and different

switches are switched sequentially in each sector.

Sector
—_ [\®) w

0 0.61 0.02 0.63 0.04 0.65 0.06
t (min)
Figure 8. Angular change graph of modulation signal and sectors.

The change of this given modulation signal was carried out and simulations were performed
primarily in 120° conduction mode by using sectors, and the graph for the obtained load current is
given in Fig. 9. In this conduction mode, at any instant of "t" time, only a DC source and a switching
element are on. Because the DC source voltage disperses equally on both phase windings, the phase
currents have 1/2 amplitude. Any two of the star-connected 3 phase windings are equal to each other in
terms of amplitude, but they are in opposite directions. Since the third winding is not active, this

winding current is zero.

5y
%2}
I
<=
a.
=
0 0.01 0.02 0.03 0.04 0.05 0.06
By
%2}
!
=
=}
=
0 0.01 0.02 0.03 0.04 0.05 0.06
Y
%]
S
=
=}
=

0 0.01 0.02 0.03 0.04 0.05 0.06
t (min)
Figure 9. 3 phase load currents obtained in 120° conduction mode.

The graph of the load current obtained in 240° conduction mode is given in Fig. 10. In this
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conduction mode, two switching elements and two DC sources are active at any instant of "t" time.
Because both sources are connected in series, the total end voltage is as much as -2Vpc and each
winding voltage is as much as Vpc. Winding currents have “I”” amplitude. Any two of the 3 phase star-
connected windings are equal to each other in terms of amplitude, but they are in opposite directions.
Since the first and second winding currents flow in reverse direction over the third winding, this
winding current is zero. Fig. 11 shows the graphs belonging to the phase and line voltages obtained in
240° conduction mode. In terms of amplitude, the winding phase voltages are as much as +Vpc and -

Voc and line voltages are as much as Vyg = Vpe, Vee = Vpey Vea = —2Vpc, respectively.

Ia phase

0 0.01 0.02 0.03 0.04 0.05 0.06

Ib phase

0 0.01 0.02 0.03 0.04 0.05 0.06
5 F T r T T T

Ic phase
o

-5t i 1 i i { B
0 0.01 0.02 0.03 0.04 0.05 0.06
t (min)
Figure 10. 3-phase load currents obtained in 240° conduction mode.

50

-50 L L 1 1 1 L
0 0.01 0.02 0.03 0.04 0.05 0.06

T T T T T

50

-50

-100 ¢ i i I i I
0 0.01 0.02 0.03 0.04 0.05 0.06
t (min)

Figure 11. Phase and line voltages obtained in 240° conduction mode.

The graphs of the load current obtained in 180° conduction mode are given in Fig. 12. This
conduction mode is obtained by the use of 120° and 240° conduction modes together. Each phase

current is formed by the synthesis of the phase currents with 1/2 and | amplitude.
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Figure 12. 3-phase load currents obtained in 180° conduction mode.

Moreover, in Fig. 13, the In, currents obtained from a_phase in each three conduction modes are given

in a single graph.

0 0.01

0.02

0.03

t (min)

0.04

0.05

0.06

Figure 13. A phase currents obtained in 120°, 180°, 240° conduction modes.

6. Conclusion

In this study, analysis of the electrical and mathematical model of a three-phase three-switch

delta inverter feeding a three-phase RL load was performed. By feeding an RL load having R=10Q
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and L=0.005 H through the simulation model, various results were obtained. The simulation results
were obtained using three-step switching techniques for different conduction modes of 120°, 180°, and
240°. In all three conduction modes, one of the phase winding currents is zero. This is a problem for
three-phase star-connected loads fed by balanced sinusoidal voltages. In this respect, delta inverter
should be analyzed separately for the loads with different connection group. The delta inverter having
a simpler structure and less switching elements than conventional inverter structures can be easily
realized with low-cost microcontrollers. Conduction and switching losses are low. For three phase and
six phase brushless DC motors and stepper motors fed with more sequential voltages, it has an
appropriate driver characteristic.
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