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Abstract: This paper proposes a method to reduce the output voltage distortions in voltage source
inverters (VSI) working with impedance networks. The three main reasons for the voltage distortions
include a discontinuous current in the coils of the impedance network, the double output frequency
harmonics in the VSI’s voltage output caused by insufficient capacitance in the impedance network,
and voltage drops on the bridge switches during the shoot-through time. The first of these distortions
can be reduced by increasing the current of the impedance network when the output VSI current is
low. This method requires storing energy in the battery connected to the DC link of the VSI during the
“non-shoot through” time. Furthermore, this solution can also be used when the Z-source inverter
works with a photovoltaic cell to help it attain a maximum power point. The Z-source inverter
is essentially a voltage source inverter with the Z-source in the input. In this paper, the theory
behind basic impedance networks of Z-source and quasi-Z-source (qZ-source) is investigated where
simulations of the presented solutions and experimental verification of the results are also presented.

Keywords: impedance network; Z-source; quasi-Z-source; voltage source inverter; voltage distortions

1. Introduction

The Z-source impedance network was proposed initially by Peng [1]. This type of
DC/DC converter was increasing the input DC voltage that is connected to a single-phase
or three-phase bridge voltage source inverter (VSI) which switches were used to store
energy in the coils of a Z-source. During shoot-through time, energy is stored when both
switches in one of the inverter bridge legs are activated. This is only possible only in zero
states of the inverter. The modulation index M is restricted to the equation M =1 — d;
where dz = Tsr/Is. The parameters Tst, Ts, and dz represent the shoot-through time,
switching period of the inverter, and shoot-through time coefficient, respectively.

For a Z-source, it is essential that the shoot-through time, d is less than 0.5. A voltage
source inverter with a Z-source is known as the Z-source inverter (ZSI). An impedance
network can function simply as a DC/DC converter with one additional switch in its
output realizing shoot-through time but without an inverter. The input current of the Z-
source is discontinuous (discontinuous input current—DIC) so Peng showed the changed
structure of the impedance network [2,3]. When a diode usually connected in series with
the input is replaced, this structure is called a qZ-source. As a result of this modification,
the new quasi-Z-source inverter (qZSI) structure is characterized by a continuous input
current (CIC) which has improved the use of an impedance network in photovoltaic
(PV) systems [4]. Various methods of improving impedance networks structures have
been developed [5] and a suitable example is the switched inductor Z-source inverter
(SLZSI) [6]. The benefit of using these improved converters is a higher boost factor of the
input DC voltage than in the qZSI. Other existing impedance network structures include the
embedded SLZSI [7], an inductor-capacitor-capacitor-transformer Z-source (LCCTZSI) [8,9],
and a cascaded quasi-Z-source (CqZSI) [10]. The two-winding magnetically coupled
impedance source (MCIS) impedance network with a continuous input current [11] has a
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high boost factor. The impedance network circuit based on three coupled inductors with
a delta (A) connection is presented in [12] and further developed in [13]. The networks
found in references [11] and [12] respectively were functional where an additional switch
was used without an inverter. A broad review of the impedance network topologies
is presented in [14,15], amongst other newly developed solutions based on impedance
networks [16-20]. Additionally, several methods of controlling impedance networks have
been considered which can be reviewed in [21,22]. However, the symmetric structure of a
Z-source with discontinuous input current due to a diode connected in series (Figure 1),
and an asymmetric quasi-Z-source (Figure 2) with maximum boost control is sufficient
to show the influence of an impedance network on VSI output voltage distortions and
proposed ways of reducing these distortions.

H-bridge inverter
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Figure 1. (a) Non-shoot-through state and (b) shoot-through state of the Z-source impedance network
with the VSL

Further investigation of these improved network structures has shown that the power
efficiency of these systems including the decreased efficiency of the inverter is lower than
the efficiency of basic structures. Owing to this decreased efficiency the real boost factor
is also much lower than expected [23]. It is worth mentioning that significant differences
in recorded levels of radiated disturbances can be expected depending on the type of
impedance network structure used [24]. Unfortunately, additional losses in the switches
of the VSI during the shoot-through time are observed when switches are absent in the
impedance networks. Comparing the performance of a boost converter [23,25], it can be
shown that the VSI with an input synchronous boost converter can have a higher efficiency
than the same inverter with an impedance network.
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Figure 2. (a) Non-shoot-through state and (b) shoot-through state of the qZ-source impedance
network with the VSI.

The basic structures of Z-source and qZ-source impedance networks are utilized today
in photovoltaic systems [26]. The main disadvantage of these impedance networks lies in
the discontinuous current mode (DCM) where the current in the inductors is equal to zero
for a time period during Ts where there is a low load of the VSI and a low dy coefficient.
This is the main reason for the VSI output voltage distortions as shown in Figure 3a,b. By
calculating a sufficiently large inductance of the coils [23,27,28] and selecting an appropriate
magnetic material [29] for the lowest load while assuming the value of dz, the current
in the coils should not decrease to zero. During operation, it cannot be guaranteed that
the load current will be nominal. Thus, the additional current taken from the impedance
network is a solution of DCM omitting for a low load current.

Another reason for output distortions is the insufficient capacity of Z-source capacitors.
Input current from a VSI bridge is like a “rectified” waveform that is filtered by the
LC input network and is approximately the first harmonic of the “rectified” current at
100 Hz. This means that 100 Hz distortion is present in the 50 Hz output waveform
as shown in Figure 3c. For the insufficient capacity, the output sinusoidal waveform is
left-skewed [23,27]. The third type of VSI output distortions are observed after crossing
zero output voltage caused by the additional voltage drops on the switched-on transistors
during the shoot-through time (see Figure 3a—c), thus causing oscillations after a change
of polarization in the PWM voltage. The impedance network influences the dynamic
properties of an entire ZSI [23,27,28] which introduces additional resonant frequencies and
the additional damping to the Bode plots of the ZSI. The main objective of this paper is
to demonstrate how charging the battery from a DC-link after the impedance network
during the non-shoot through times can reduce output distortions caused by the DCM
of the impedance network. However, charging a battery with too high a current can
lead to distortions of the output voltage after the voltage current is zero crossing and
oscillations as the result of the higher voltage drops on the switches during the shoot-
through time. Experimental results presented will show how charging the battery for a
Z-source decreases the output of total harmonic distortions (THD) even in the case when a
sophisticated feedback loop, for example, a passivity-based control (PBC), is used.



Energies 2021, 14, 7272

40f15

Distortions lor a low resistive load, DCM Distortions for a low resistive load, DCM
(for C, =1 puF) (for (', = 50 pF)

RIGOL P T -wp—. —TI L sl RIGOL I, e

EJSU v .
;

@ v (b)

i

Iz

GO

Distortions for the output

Distortions for the output >
current zero crossing

current 7ero crossing
100 Hz harmonic distortions, lor the high resistive load,
CCM (€, =30 uF, too low)

_RIGOL o IO n 1 T
" ~
gf’” v Skew

“\

S \ ©
Distortions for the output —

current zero crossing (for the higher outpul current almost invisible)

[} 3
SNEWFILE  2AVE  STORAGE |

Figure 3. Inverter output voltage distortions, (a) Z-source in DCM using a VSI output filter capacitor
Cr =1 uF, (b) Z-source in DCM using a VSI output filter capacitor Cr = 50 uF, (c) 100 Hz harmonic
distortions with a Z-source capacitor Cz = 100 uF.

Figure 3 presents the different types of output voltage distortions of the ZSI. In
Figure 3a,b, the DCM of the Z-source uses a low load current and ZSI output filter capaci-
tors of Cr =1 uF and 50 pF respectively. Figure 3c shows the distortions caused by a 100 Hz
current harmonic using a high load current and a Z-source capacitor of Cz = 100 uE.

Section 2 presents the basic structures of impedance networks and calculations of the
minimum ZSI output current Ioyymsmin that ensure their continuous current mode (CCM).
In Section 3 the idea of the inverter with the impedance network charging the battery from
the DC link (during non-shoot-through time) to keep the impedance network in CCM
is presented. The simulations and results of the experimental verification are presented.
Section 4 contains the discussion of what kind of previously presented types of ZSI output
voltage distortions can be canceled by the controlled charging of the battery. Section 5
presents the final conclusions.

2. Basic Impedance Networks: Z-Source and qZ-Source

The Z-source and qZ-source impedance networks shown in Figures 1 and 2, respec-
tively, can operate in different states. Two basic states were taken into account during
analysis and these include the shoot-through and the non-shoot-through states. The non-
shoot-through state is depicted in Figures 1a and 2a, while the shoot-through state [23,27,28]
is shown in Figures 1b and 2b.

The Z-source has a symmetrical structure where the values of the inductors are equal
i.e.,, Lz1 = Lz,. Similarly, the values of capacitors are the same, i.e., Cz; = Cz, and the
currents in both inductors are the same, i.e., irz1 = irz2. In the qZ-source, the currents
in both coils are the same and are identical to the Z-source coils currents (neglecting the
influence of the different parasitic resistances) if coils have equal inductances.

The amplitude of the VSI output voltage Vourmax for the ZSI and qZSI is defined in
Equation (1) as

' M
VouTmax = 11ky,MVpc = WmVDC 1)
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where 7 is the efficiency, Vpc is the input voltage, M is the VSI modulation coefficient, and
ky’ is the DC voltage boost factor of the impedance network without power losses [23,27,28].

It is assumed that the capacitance Cz in the Z-source and qZ-source networks are suf-
ficiently high. The average voltage on the capacitors of the Z-source and the Cz; capacitor
of the gZ-source are identical to the average voltage V}z,, on the inductors [23,27,28] given
in Equation (2) as follows:

1—-d
Viz1av = Vizoa = Viz = jVDC 2)

The input power Py and output power Poyr of the VSI connected to the impedance
networks for a Z-source or gZ-source can be calculated using Equations (3)—(5):

Pin = Vpclpcaw = VpclLzaw 3)
Pout = VouTtrmsloutrms = 77PIN 4)
1 M
Pour = —=17—55Vpcloutrms = 1VpclLzav 5)
V21— 2dy,

where I} 7, is a single inductor current averaged over the fundamental period T),.
For the simplest case of the resistive ZSI load, R;po4p the output power can be defined
Equation (6) as

1 M 2
Pour = <ﬁ771MZVDC) Rionn 1Vpclizao (6)

And the average inductor current I} z,, for the root mean square (rms) value of the
inverter output current Ioy7ys is given Equation (7) as

1 M
Iizagp = —=———1 7
LZav \/E 1_ Zdz OUTrms ( )

The i1 7 inductor current illustrated in Figure 4a comprises three components. These
components are the average current I 7,,, the current i; 755, which is averaged in the T;
switching period, and the triangle component i; 75 of the inductor current. The current
iLz2fm has the double fundamental frequency caused by the envelope of the input current
of the VSI bridge in the non-shoot-through time while the triangle component inductor
current iz, is caused by storing energy in the coil during the shoot-through time and
recovering energy in the rest of the switching period (in CCM). A plot of the VSI input
current is displayed in Figure 4b.

The inductor current i; 7 is defined in Equation (8) as

irz(t) = ILzav +iLzofm(t) +irza(t) ®)

Figure 4 shows plots of a Z-source or qZ-source impedance network coil current and
an inverter input current including shoot-through current pulses for cases of maximum
and close to zero crossing of the inverter output voltage (in CCM).

This most important harmonic component 2 f,, of the VSI bridge input current flows
through the L;C circuit of the impedance network as shown in Equation (9). It is assumed
that all power losses are within the impedance network including the power losses on the
VSI switches during the shoot-through time.

1
1— (47fu)’LzCz

irznofm(abs(iLoap(t))) = %\@Ioumm cos (47t fit) )
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Figure 4. A Z-source or qZ-source impedance network (a) coil current and (b) the VSI input current

including shoot-through current pulses (that do not supply inverter) in the case of wide (for the
maximum of the output inverter voltage) and short (close to zero crossing of the output inverter
voltage) inverter PWM pulses in the CCM.

The triangle component i;z5 of the inductor current iy in the CCM is calculated
approximately with the assumption that a sufficiently low capacitor voltage ripple AV¢7 is
approximately equal to 0 and V ¢z, is nearly equal to Vcz,, for the shoot-through time.
The triangle component i; 7 can thus be expressed in Equation (10) as

. ~ VA . _ W _ 1 1-d ; —
lLZA(t) ~ %Zzuv t, 1LZAmax = (iZZav Tst = EﬁVDCdsz/ ILZAmax = (10)
P 1 1-dy

L; M VOUTrmstTs
Consequently, the inductor current can be defined Equation (11) as

1

1 M 4
V2 cos (47T ft) T @i f)PLaCy

—— t — I ] t 11

irz(t) = [
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The lowest value of the inductor current is calculated Equation (12) as

1
1-— (47Tfm)2L2CZ

, 1 M 442
izmin(t) = 3757, ~ 35

1.
]IOLITrms - §1LZAmax (12)

As shown in Figure 4a, the requirement for CCM is that i} 7,,,;, must be greater than 0.
This phenomenon is expressed in Equation (13) as

1 11—dy

1
I -
] OUTrms \/ELZ }’]M

1— (47f)*LzCy

1 M 4.2

[§ 1-—2dy Y VoutrmsdzTs >0 (13)

From Figure 5a, the absolute value of load impedance expressed in Equation (14)
should be lower in value (but always positive) than the value calculated in Equation (14)
for CCM for the assigned parameters: dz, Lz, and Cz, M =1 — dz.

1

MLy M 1 8
1— (47fn)*LzCy

|Zroap| < (A—dy)d T \Val—2d, 3m ) (14)

2, 0apmaLz 2 » M - 1-dz) [Q]

2'I, OADmax

(a)
IOUTrmsmin( VDC’ dz’ M=1-dz) [A]

8 N /I\
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Figure 5. (a) Maximum load impedance, and (b) minimum output current, that keeps the impedance

network in the continuous current mode.
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As shown in Figure 5b, the minimum output current for CCM is given Equation (15) as
1 1-4d
MLy 1_2dZZ VDCdZ Ts

1 82
1—2d;, = M3r

IOUTrms > (15)

-1
1—(47fm) Lz Cy

The impedance network (Figure 5b) operates in the CCM for the ZSI load current
TouTsms higher than the value calculated from Equation (15) for assigned Ly =1 mH and
three parameters: Vpc, dz, and Cz. The modulation index M has the assigned maximum
possible value M =1 — d.

In Figure 6, the continuous current mode is illustrated where the output voltage of the
ZSl1 is undistorted.

Impedance network  Inverter Shoot-through
output voltage pulses pulses  tim
/ é

/ B T

— % 5000834, &
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A
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[\

[T I— R

~40°V
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Figure 6. CCM waveforms of (a) the I coil current, ZSI output voltage, and inverter PWM pulses,
and (b) the undistorted inverter output voltage.

Figure 7 presents the DCM where two cases can be distinguished. From this figure, the
distortions of the output voltage are small when the output voltage is below the maximum.
When the output voltage is closer to the maximum, the distortions are higher, and the
output voltage maximum is lower than expected. For the large VSI output capacitor the VSI
output and PWM envelope voltages are shifted when the large VSI output capacitor e.g.,
Cr =50 pF is used. As shown in Figure 7, the short PWM pulses are undistorted in DCM
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while the wide pulses are distorted, and the output voltage is lower. The simulation of a
DCM operation using the Z-source is presented in Figure 8 for the third PWM modulation
schema [30]. The variables used to obtain the measured plots in Figure 8 are given as:
Cp=1uF,dz;=0.3,M=0.65 R poap = 1000 ), 3rd modulation schema.

Distorted Z-Source  Wide distorted
output pulscs mverler

§ulses
RIGOL x‘mm?:@m— )/ T— —
|| shoot- [ _L
‘ through i
5
A \
T 1 i i
ZL79 | i, ol \V N |
coll | ) cmrem.
current |If i‘ ;
’IH 1 w“
AX] “
e,

Distorted Z-Source  Short undistorled
output pulses ,’ /in\-crtcr pulses

RIGOL ", 0w, - ufmmﬂ-—;‘/mo. '.—'nmxw‘_ﬂ— ..1.-.-.!!-..,‘-—-:
| /lj " Shool- ; l7 1l |

_ through ﬂ Ly=1mH, n
o > 40V =350 H-F

T ‘ E: ‘
| ir | fl ! 1 o
- 5 L aaly Inverter ‘

Ll ‘{' ‘|.‘:: -‘W" f... ﬁ‘ -+ eutput voltage

" A T — Fa—Tn |
Zero coil current L, coil current

¥ T

Figure 7. Measured DCM waveforms of the Lz coil current, ZSI output voltage, and the inverter’s
PWM wide and short pulses for Cr = 1 pF and 50 pF inverter capacitors.
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Figure 8. Simulated DCM waveforms for inverter Cr =1 uF, dz = 0.3, M = 0.65, R pap = 1000 3, 3rd
modulation schema.

3. Controlled Energy Flow—Charging the Battery

Similar results of measurement shown in Figure 7 and simulations in Figure 8 demon-
strate that further simulations of the controlled energy flow i.e., charging the battery is
useful. The basic solution is an efficient multi-input-single-output (MISO) [31] feedback
that can decrease total harmonic distortions (THD) [23,27]. In addition, MISO feedback can
decrease two other types of output voltage distortions [27]. However, for systems supplied
by varying the DC supply voltage, for example, photovoltaic cells, the controlled energy
flow to the batteries, which keeps the CCM, can be used. It is recommended that the battery
is charged with a current that is a function of the difference between the calculated value
of IouTrmsmin and averaged (10 Hz low pass filter) VSI output current Ipyms as shown in



Energies 2021, 14, 7272

10 of 15

Figure 9 (if this difference is negative the charging battery current is equal to zero). The
actual difference of these currents IoyTymsmin — louTrms is recalculated (if positive) to match
the required increase of the average I 7, current expressed in Equation (7). The battery can
be charged only during the non-shoot-through state. Energy from the battery is discharged
when Ve decreases below the assumed value of Vpc,,i,, the Z-source is switched off and
the shoot-through pulses are blocked.

Low pass
Impedance gn7, [7] =M  fier
network [T 10 Hz
Ses=e==s 1| True
\ ia rRMST
Vn(- Lu C‘Z \ (_\l
{. .- Inverter
,@5, ‘ﬁ @ 5 ] T Ziom
’ +EBA ite R>i/'”_|_|‘
N I/ s 1{)([7‘)':1,;
- M
[f)('rzvi}i % | <_ ]()l']'i‘rll.\'irlrlf d/‘
I()U [mh/[LZ k<1 LZ’ (”Z
l/I ¢
ﬁl'»‘ f;

Figure 9. Proposed idea of the inverter with the impedance network charging the battery from
the DC link (during non-shoot-through time), and automatic switching to supplying directly from
the battery (the positions of switches are presented in the position of discharging the battery when
Vbemin — Ve > 0).

The idea of this system is presented in Figure 9 (for switches placed in the position
of discharging the battery). When the battery returns energy, the following happens: the
shoot-through pulses are stopped, and the 48 V battery is connected directly to the VSI.
This battery voltage should be higher than the amplitude of the output sinusoidal voltage
and the modulation index M of VSl is increased i.e., M is greater than M; (Figure 9).

Figure 10a presents the simulated waveforms of the Vpc changed 24/12/24 V (the bor-
der value is set to 15 V) with the described automatic action from Figure 9 but without con-
trolled charging the battery when Z-Source operates in the DCM. The following parameters
were used in this scenario: dz = 0.3, M; = 0.65, M = 0.75 and R;pap = 1000 Q. Figure 10b
presents that same operation but with controlled charging of the battery for keeping Z-
Source in the CCM. The current charging of the battery is calculated as
Ipart = fUoutmsmin — loutms) using Equation (15), where f is a function of Equation
(7). The battery charging current Iparr calculated from Equations (7) and (15) should
be reduced because too high a value of the battery charging current leads to distortions
of the VSI output voltage time after the output voltage is zero-crossing (see Figure 11b).
These distortions are caused by the high voltage drops on the VSI switches during the
shoot-through time. The presented (Figure 10b) reduction of the output voltage THD from
4.6% to 3% without any feedback loop is quite promising.
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Figure 10. The waveforms of the DC input and AC output voltages of the ZSI switched from a mode
of supplying the VSI from Z-source to the mode of supplying VSI from the battery in case of the low
input DC voltage, (a) without controlled charging battery for Z-source in the DCM for the low load,
and (b) with controlled charging battery for Z-source in CCM.

The presented simulations were verified in an experimental model using a 12 V
battery (without discharging the battery) charged from the DC during dgTs pulses where
(dp =1 — dyz) (Figure 12). The feedback loop was the IPBC2 type presented in [27]. For the
DCM mode of the Z-source, the output voltage distortions can be reduced by additional
loading the impedance network by means of charging the battery from the DC link in the
non-shoot through times.
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Figure 11. Inverter output voltage (a) without charging battery, (b) the battery charging current
directly equal to f(IoyTimsmin — LouTims), Where f is a Equation (7), and (c) the battery charging with
the reduced value of current.

Figure 12. Cont.
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Figure 12. (a) The inverter experimental set up and (b) inverter output voltage distortions com-
parison for an IPBC controller where R;pap = 2000 (2, RMS battery charging currents: Igarr = 0
(DCM of the Z-source), IgarT = 120 mA and Igarr = 200 mA (CCM of the Z-source), d7 = 0.3, and
dp =1 — dz—Dbattery charging pulses coefficient.

The current source from Figure 9 was simply substituted with resistors. Charging
the battery allowed for a substantial reduction of output voltage THD from 2.63% to 0.9%.
for Igart = 120 mA, but THD increased to 0.97% for Igarr = 200 mA. Further research will
be on the use of battery charging current not only to reduce the distortions of the output
voltage but also looking for a maximum power point (MPP) when the impedance network
is supplied from the photovoltaic cell. The battery charging current can be controlled by
the coefficient dp for the input current of the impedance network would be closer to MPP.

4. Discussion

The presented results of the simulation and measurements of the experimental ZSI
proved that charging the battery from the DC link between impedance network and VSI
in the non-shoot-through time can seriously decrease the ZSI output voltage distortions
keeping the impedance network in the CCM. The controlled energy flow solution is
particularly predicted for the case of wide variations of the input DC voltage and variations
of the load current. The output voltage distortions are decreased even when a strong
feedback loop of the VSl is present. The controlled charging of the battery can help in the
maximum power point tracking when the ZSI is supplied from the photovoltaic cell and
this is the perspective of the further studies. In [23], three types of VSI output voltage
distortions were distinguished. The controlled charging of the battery can cancel one of
them but setting too high a value of this current increases the other reason for distortions.
Charging the battery from the DC link of the ZSI during the non-shoot-through time was
not presented yet, however, another approach to the controlled power flow for qZSI with
charging the battery connected parallel to the Cz; capacitor (Figure 2) was presented in [32].

5. Conclusions

In this paper, a technique has been proposed to reduce output voltage distortions in
voltage source inverters connected to impedance networks. The proposed method has
been validated using simulations and experimentally under different operating conditions.
It was discovered that by connecting a rechargeable battery to a DC link placed between
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an impedance network and a VSI and employing proper control of the battery charging
current during the non-shoot through time, the output voltage distortions in a system with
or without feedback can be reduced when a continuous current mode of the impedance
network is forced. However, too high a current charging the battery may increase other
types of VSI output voltage distortions presented in Figure 11b caused by high voltage
drops on the VSI switches during the shoot-through time. Furthermore, the battery charg-
ing current can be controlled to increase the impedance network input current to enable
the system to reach the maximum power point when the DC source is a photovoltaic cell.
The results presented in this paper thus demonstrate that the proposed method is suitable
and can be applied in practice to real-time supply systems.
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