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Abstract— Future photovoltaic (PV) inverters are expected to comply with more stringent grid codes and reliability
requirements, especially when a high penetration degree is reached, and also to lower the cost of energy. A junction
temperature control concept is proposed in this paper for the switching devices in a single-phase PV inverter in order to
reduce the junction temperature stress, and thus to achieve improved reliability of a PV inverter. The thermal stresses of
the switching devices are analyzed during low-voltage ride-through operation with different levels of reactive power
injection, allowing an optimal design of the proposed control scheme with controlled mean junction temperature and
reduced junction temperature swings. The effectiveness of the control method in terms of both thermal performance and
electrical performance is validated by the simulations and experiments respectively. Both test results show that single-phase
PV inverters with the proposed control approach not only can support the grid voltage recovery in low-voltage ride-through
operation, but can also improve the overall reliability with a reduced junction temperature.

L. INTRODUCTION

An imperative demand of clean and reliable electricity
generation from renewable energies (e.g. photovoltaic and wind
energy) has been already in effectiveness in some countries to
get rid of the energy reliance on fossil-based resources [1, 2].
With the development of advanced power electronics
technology, the PV systems have been a key technology to
realize that demand, and will take a major part in the electricity
generation soon in some areas [3]. Yet, a high penetration degree
of PV systems makes the grid more decentralized and even more
vulnerable. Consequently, more stringent and more specific grid
requirements are going to be imposed on the future PV power
systems, especially when a very high penetration level of PV
power systems is coming into reality [2-9]. The future PV
inverters are expected to provide a full range of functionalities
like what the conventional power systems do, including ancillary
services, such as frequency control through active power control,
reactive power controllability and Low-Voltage Ride-Through
(LVRT) capability under grid faults. For instance, the new Italian
grid code requires that the generation unit with the nominal
power exceeding 6 kW should have LVRT capability, and in the
German E.ON grid code defined for medium- and high-voltage
applications, the PV systems are required to inject reactive power
during ride-through [7-11], which is shown in Fig. 1. This figure
illustrates that, under a certain grid voltage level (e.g. 0.6 p.u.), a
minimum reactive current (80 % of the rated grid current) should
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Fig. 1. Reactive current injection requirements for the power systems connected
to medium- and/or high-voltage grid defined in E.ON grid code [11].

be injected into the grid to support voltage recovery. This LVRT
requirement tends additionally to include all PV systems that are
connected to low-voltage grids, even PV modules [4-6], since the
PV systems are already on the track to dominate the electricity
generation. In fact, there also have been some grid requirements
for a very high penetration level of PV systems to activate
reactive power control in order to solve voltage rise issues.
Hence, the demand of reactive power injection will come into
reality soon.

Power electronics systems (e.g. PV inverters), together with
advanced control approaches, could underpin the performance of
future PV systems with the provision of aforementioned
ancillary services (e.g. LVRT and reactive power injection) [3-
14]. The popularity of transformerless PV inverters proves that
those topologies can achieve high efficiency [7, 12, 13], which is
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Fig. 2. Hardware schematic and control diagram of a single-phase single-stage full-bridge PV system with low voltage ride through capability to achieve a reduced

Jjunction temperature under grid faults based on single-phase PQ theory.

always of intense interest in order to reduce the cost of energy.
Recently, the reliability has become another important issue for
such power electronics based PV systems operating in a harsh
environment, where the solar irradiance level is not constant and
the grid conditions may change suddenly (e.g. voltage sag due to
short-circuit faults). As it has been presented in [15], the PV
inverter has been the critical part with the most failures of a PV
system. Thus, it is quite necessary to predict the lifetime of a PV
inverter and its components in order to improve the entire system
reliability [15-22], especially when an accurate knowledge of the
mission profiles (e.g. ambient temperature and solar irradiance)
is available.

A PV inverter typically consists of power switching devices
(e.g. IGBT and MOSFET), where various factors can contribute
to the failures of them, such as thermal stress, electrical stress,
mechanical stress, materials of the part and deviation in product
process, and thus they affect the reliability of the entire inverter
[16, 17, 23-26]. Among those factors, the most commonly
observed ones are related to the thermal stresses, including the
mean junction temperature and the junction temperature swings
on the power switching devices [15-17]. By means of proper
component selection (considering rated power, advanced
packaging technologies, the most stressed situations and the
severe users), effective thermal management, and robust design
and validation, the reliability of a PV inverter can be improved
[27-31]. Thus, in this paper, an operation mode, which can
achieve a reduced junction temperature, is addressed for single-
phase PV inverter during ride-through operation. This control
method is based on an appropriate thermal management by
properly allocating the reactive power and the active power in
LVRT operation mode.

This paper is organized as follows: the viability of the
proposed junction temperature control method is illustrated in §
I, including the LVRT requirements and possible reactive power
injection strategies. It is followed by some implementation
examples. In § III, the analysis is firstly demonstrated on a 3 kW
single-phase full-bridge inverter in a given operation condition
(irradiation level: 1000 W/m?, ambient temperature: 50 °C) by
simulations. Then, the LVRT operation mode is tested
experimentally in a 1 kW grid-connected system, which can
indirectly reflect that the junction temperature is dependent of the
injected reactive power and the generated active power.
Furthermore, a thermal experimental test is conducted on a
single-phase 3-level Neutral Point Clamped (NPC) PV inverter
to directly show the junction temperature controllability through
power regulations. All the test results have shown that the

proposed method offers the possibility to achieve a reduced or
even a constant junction temperature, which is independent of
the operation conditions. The adoption of the proposed control
method can help the next generation advanced PV inverters to
fulfill the upcoming grid demands in terms of efficiency, stability
and reliability.

II. REDUCED JUNCTION TEMPERATURE CONTROL

A. System Description and Requirements

Since the PV systems are still dominantly for residential
applications at present, single-phase topologies are more widely
used solutions for PV systems [7, 12]. Fig. 2 represents the
hardware schematic of an LCL-filter based single-phase single-
stage full-bridge PV system with the proposed control structure.
Standard functionalities for a PV inverter are a)
optimization/maximization of the input power, b) manipulation
of the inverter output voltage (i.e. voltage control), and c)
synchronization with the grid voltage [3, 7, 12]. Hence, in normal
operation, the system is required to inject the maximum active
power, known as Maximum Power Point Tracking (MPPT)
control and typically, the MPPT control can be enhanced by
integrating a boost stage between the PV panels and the inverter
shown in Fig. 2. Moreover, the injected grid current should have
less harmonic components, which is referred as Total Harmonic
Distortion (THD). In normal operation mode, the PV system is
required to operate at a minimum Power Factor (PF) of 0.85, and
the injected current THD should be lower than 5 % [7, 8].
Traditionally, in response to a grid variation, e.g. a voltage sag
or a frequency disturbance, the PV systems should disconnect
from the grid in order to prevent from islanding operation [4].
However, with an even higher installation rate of PV systems,
the disconnection of a considerable amount of PV systems
unintentionally will further induce frequency instability (grid
variations), leading to more serious events, e.g. power outage and
voltage flickering.

To solve this issue, the grid codes have been updated to
enable LVRT capability for PV systems. Moreover, recent
studies have shown the beneficial contributions of LVRT for PV
systems to distributed grid stability, conversion efficiency and
reliability [2-3, 6-9]. To perform LVRT functionality, the PV
system should have the controllability to remain connected and
also to support the grid voltage with reactive power injection
when a voltage fault is confirmed. In other words, the PV system
should switch the mode of operation from MPPT to LVRT by
monitoring the grid voltage amplitude. However, with the
reallocation of the injected reactive power and active power
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Fig. 3. Power factor curves vs. voltage levels for different control strategies
according to Fig. 1: solid lines: k = 2.0 and dashed lines: k = 3.0.

during LVRT, the current stresses as well as the power losses are
changed, leading to a redistribution of the thermal stresses on the
power switching devices. Thus, the junction temperature of the
power devices can be manipulated indirectly, which offers a
possibility to achieve a reduced or constant junction temperature,
and thus also an improved lifetime, which has been an important
requirement for power electronics based PV systems.

The viability of this principle is demonstrated by (1) and (2),
where an example of the IGBT lifetime model is presented [31].

P
N (AT
T} :f(l‘avaj;’fsﬁploss’.“, ’ (2)

with Ny being the cycle-to-failure numbers, k, ;234 being the
coefficients related to the device material, foy is the switching
pulse width, and 7 being the wire current. As it has been shown
in (1), the lifetime of a power device is significantly affected by
the junction temperatures, including the cyclic temperature A7;
and the mean temperature 7; jeqn. Moreover, it is observed in (2)
that the junction temperature 7} is a function of various factors,
e.g. current level, i, voltage stress, v, and ambient temperature,
T, switching frequency f;, and the power losses, pioss. Since the
power losses are dependent on the inverter topology and thus
the ratio between the generated active power and the injected
reactive power, an appropriate allocation of reactive power can
possibly contribute to the reliability improvement.

B. Reactive Power Injection Strategies

Regarding the reactive power injection strategies for single-
phase systems, there are three reactive power control strategies
proposed in [7] — constant peak current strategy, constant active
power strategy, and constant active current control strategy.
Those strategies can inject sufficient reactive power, which is
dependent on the voltage sag level, but with different control
objectives. Here, two strategies (constant peak current control
and constant active power control) are selected in order to
illustrate the principle of the proposed method. Both strategies
are in compliance with the grid codes shown in Fig. 1.

Constant Peak Current Strategy — Const.-1

The injected grid current is kept to be the nominal (rated)
current (Iy) during ride-through operation for this control
strategy. Then, according to Fig. 1, the active current (/;) and
reactive current (/,) in the dg-rotating reference frame are
calculated as,

I, =1 1=K (1=7,) o

I, =k(1-V, )1,

in which Vy is the grid voltage level in p.u., & is the slope defined
previously in Fig. 1 and it has a minimum value of 2 p.u., and (1-
1/k) p.u. < V<0.9 p.u.. When a deep voltage sag occurs (Vg < (1-
1/k) p.u.), according to Fig. 1, the PV system should inject full
reactive power to the grid. For example, when £ =2 p.u. and the
grid voltage goes below 0.5 p.u., the current should be ;=0 A
and /= Iy. Based on (3), the corresponding power factor in
LVRT operation mode can be expressed as,
P

P
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where S is the instantaneous apparent power.
Constant Active Power Strategy — Const-P

In this control strategy, the injected reactive current is
calculated based on Fig. 1 and the active power is kept to be the
nominal value (P,). The major purpose of this control strategy is
to deliver as much energy as possible to the grid, even in the case
of a grid voltage sag. Hence, according to the single-phase PQ
theory, the current in dg-rotating reference frame is given as,

)
1,=k(1-V,)I,

However, with Const.-P control strategy, the current level

may exceed the limitation of the PV inverter (1 <.[I; + [q2 ),

leading to inverter shutdown due to over-current protection. To
prevent the inverter from over-current shutdown, the following
condition should be satisfied,

e A ©
2 Iy

allowable current level. Similar to constant peak current control
strategy, when a deep voltage sag happens, the system should
inject full reactive power to the grid, and meanwhile the active
power generation should be deactivated.

For this control strategy, the PF can be expressed as,

L L
cosp=—"=

S /P’12+Q2

1/\/1+k2 (v, -v2Y, (1—%) pu.<V, <09 pu.

0, Vg < (1—%) p-u.
(7

where k is defined previously, P, is the nominal active power
and S is the apparent power.

where (1-1/k) p.u. < Vo< 0.9 p.u, and I is the inverter




Although the Const. — P control can output the maximum
power in different operation modes, it is known from (6) that the
Const. - P control strategy can only be adopted when /lnax >
2.236 Iywith k being 2.0 p.u., which is very large for the inverter
design and will increase the cost of the PV inverter. Moreover,
an inappropriate design margin (e.g. Inw= 1.5 Iy) may cause the
power devices more easily to fail when a grid fault happens.
Whilst for the Const. - I control, the peak value of the injected
grid current is kept constant during operation, and thus there is
no risk of over-current shutdown.

C. Reduced Junction Temperature Control

Based on the previous discussions, the thermal performance
of a PV inverter is affected by the power losses, which are
dependent on the grid conditions and the power allocations.
Under different control strategies, the ratio between the active
power and the required reactive power is varied, and thus the
power factor. Therefore, the junction temperature is affected.
According to (4) and (7), the control areas for these two
strategies under grid faults can be plotted in Fig. 3. The upper
borders (solid lines) of the control areas (I and II) are the
maximum power factor (k= 2) that is required under grid faults
according to Fig. 1. Thus, in these control areas (I and II), the
active power and reactive power can be allocated properly and
intentionally, and varied by adjusting the slope & or by changing
the control strategies. As aforementioned, this will lead to a
redistribution of the power losses on the switching devices, and
thus offers the control possibility to achieve a reduced or
constant junction temperature by optimizing the active power
and reactive power in those areas. This is the main idea of the
proposed control method in order to achieve a constant or
reduced junction temperature of the power devices.

For example, as it is shown in Fig. 3, a voltage sag (0.3 p.u.)
occurs and the Const. - I control strategy is firstly activated once
the voltage sag is detected. In this case, the required power
factor should be approximately 0.8 when £ =2 p.u.. By adjusting
k to 3 p.u. or changing the mode of control to Const. — P control
strategy, the operation points will change from C to D or from
C to A4, and thus the injected active power and reactive power
are manipulated, leading to a change of loss distribution on the
power devices. According to (2) and previous discussions, since
the power losses have a significant impact on the thermal
behavior of the power devices, a manipulation of the junction
temperature is achieved by varying k or changing the control
strategies.

The control philosophy of the proposed method has been
illustrated in the last paragraph. A detailed implementation of
this control strategy is shown in Fig. 4. By optimizing the power
references (P* and Q") shown in Fig. 2 according to voltage sag
depths, an allocation of the powers can be done and thus the
control goals can be achieved. As it is shown in Fig. 4, the
proposed control method can not only meet the reactive power
injection requirement but also enhance the reliability
performance by means of controlling the power device junction
temperature through active and reactive powers exchanging with
the grid. The key of the implementation of this control method is
to find the optimum power references under different grid levels
by means of look-up tables or mathematical derivations. Thus,
an appropriate thermal model of the power devices is necessary,
since the electrical model of the power devices is coupled with
the thermal model through the power losses on the device [24,
25].

Grid
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Fig. 4. Control structure of the proposed junction temperature control method
through active power and reactive power regulation.

Fig. 5 shows a thermal model of the power devices, where Z
is the thermal impedance between two nodes. It is illustrated in
Fig. 5 that the power losses (Puys) and Piypy) on the power
devices will cause temperature rise at different nodes because of
the thermal impedances. This relationship can be described as,

T'(S/D) (t) = Ptnt(S/D) (t)Zth(S/D)(./—c)(t) + Tc (t)
= Ptot(S/D) (Z)Zth(S/D)(j—c)(t)

+ [Pmts (t) + PtotD (t)] : [Zth(c—h)(t) + Zth(h—a) (t):l
+7,(1)
®)

in which, Tjsp) is the IGBT/diode junction temperature, Piois/p)
is the IGBT/diode total losses, Zusm)j-o is the thermal imped-
ance from junction to case, Z-n is the thermal impedance from
case to heat-sink, Z-q 1s the thermal impedance from heat-sink
to ambient, 7 is the case temperature, and S represents the IGBT
and D denotes the diode. Typically, the thermal impedance can
be modeled as a multi-layer Foster model [28, 33-35], which is a
series-connected model as shown in Fig. 5, and it can be
expressed as,

4
Zth(S/D) (t) = Z R, (1- e " ) > 9)
i-1

with 7; = CiRsi. Those parameters in (9) can be found in the
datasheet. It is shown in (8) and (9) that the junction temperature
is dependent on the dissipated power. This also implies the
viability of the proposed method.

D. Implementation for the
References)

Proposed  Method (Power

Regarding the implementation of the proposed method, there
are two possibilities to obtain the power references, which are
dependent on the voltage sag level. One method is based on
mathematical derivations, and it requires a better knowledge of
the power device materials, the topologies, the switch schemes,
and etc.. Meanwhile, the coupled relationship between power
losses and the junction temperature further increase the
derivation complexity. An alternative is based on look-up tables,
although at a cost of the accuracy. This method is simple and can
easily be implemented. Thus, in this paper, the look-up table
based implementation method is chosen for a single-phase PV
system.

To create a satisfied look-up table and thus to find the
optimum power references for the proposed method, different
cases (varying allocations of reactive power and active power)
should be studied first. Referring to Fig. 2, a 3 kW single-phase
system is simulated under various active power levels with reac-
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Fig. 5. Thermal models from a full-bridge PV inverter in Fig. 2 to a single power device and the thermal impedance [26, 32-34].

-tive power injection when a low-voltage fault occurs. The
results are presented in Fig. 6, where it is noted that the maximum
junction temperature (7jmq) of the power devices will exceed the
allowable value (e.g. 125 °C) under very low voltage conditions
(e.g. 0.4 p.u). It also reveals that the maximum junction
temperature will increase with injecting required reactive power
in Const. -P control mode. By decreasing the active power output
and limiting the reactive power injection, the maximum junction
temperature could be controlled below a desirable value (e.g.
Timax_a= 80 °C) and thus can be kept almost constant during ride-
through. Considering the required reactive power injection in
Fig. 1, the active power and reactive power references can be
obtained as shown in Fig. 7 (a) under different voltage sag levels.
While for a constant junction temperature of 80 °C, based on Fig.
6, the power references can be obtained and shown in Fig. 7 (b).
Consequently, the reference generation zones can be
implemented as the “Power Reference Generation” unit in Fig.
2. In the detailed control structure of the proposed method in Fig.
4, the power references for LVRT requirements (Fig. 7 (a)) and
constant junction temperature (Fig. 7 (b)) can be implemented as
the “Grid Requirements” and “Thermal Optimization™ units
respectively.

For instance, when the grid sags to be 0.6 p.u., there are
several sets of power references available in Fig. 7 (b) - 1) P*)=
0.2p.u., 0%=0.68p.u.,2) P,=0p.u., O°=0.68 p.u., and 3) P*,
=0p.u., Q%= 1.0p.u.. For the first case, the active power should
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be 0.2 p.u. (Point B in Fig. 7 (a)). One way to generate this active
power is to change the slope &, being 2.36 p.u., while the
corresponding reactive power Q"= 0.57 p.u. (Point D in Fig.
7(a)). This reactive power is insufficient to keep the junction
temperature constant as shown in Fig. 7(b) (Point A), and thus,
the maximum junction will be lower than Ty «. If the required
reactive power (Q",= 0", = 0.68 p.u.) is injected to the grid, the
peak value of the injected current will not be constant during
LVRT, but the maximum junction temperature will be kept
constant. Another way to achieve a constant junction temperature
is to further decrease the active power generation either by
increasing k or chaning the reactive power injection strategies
(from 4 to C), as it is shown in Fig. 7.

According to Fig. 6, the junction temperature of the power
devices of a full-bridge inverter is proportional to the injected
reactive power and the generated active power. Thus, to ensure a
reduced junction temperature and considering the grid
requirements, the power references optimized by the central
control unit in Fig. 4 can be given as,

P =min{P:,PJ*}
0" =min{0;.0;}
Consequently, the control flowchart of the proposed method is
shown in Fig. 7 (c). It should be pointed out that, by applying

curve-fitting to Fig. 7 (b), the power references can be
formulized.
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Fig. 6. Maximum junction temperature (Tiua) of a full-bridge inverter (P, = 3 kW) under grid faults with different reactive power injection.
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of the proposed junction temperature control method.

III. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Tests

As it is discussed above, by adjusting the active power and
reactive power according to Fig. 7 and (10), a reduced or even
constant junction temperature operation can be achieved for
single-phase grid-connected PV inverter. The hardware and
overall control structure of the single-phase PV system is shown
in Fig. 2. Instead of PV panels, a DC source is used in this system
on the assumption that the MPPT control is very robust. The
proposed control method shown in Fig. 7 was implemented in
MATLAB/Simulink. A 0.43 p.u. voltage sag is generated in the
simulations. The second-order generalized integrator based
phase locked loop [7] is adopted to synchronize the current with
the grid voltage. In order to directly and intuitively control the
active power and reactive power, the single-phase PQ control
method is adopted in this system. A proportional resonant current
controller with harmonic compensators has been selected in
order to guarantee a good power quality. An IGBT module (600
V, 50 A) from a leading manufacturer is selected with the thermal
parameters shown in Table I. The other specifications of the
system are listed in Table II.

Table II.
SIMULATION PARAMETERS FOR A SINGLE-PHASE GRID-CONNECTED PV
SYSTEM.
Nominal Grid Voltage Verms= 230 V
Nominal Grid Frequency f=50Hz
Rated Power P,=3kW

Nominal DC Voltage (PV Output

Voltage) Va=400V

Switching Frequency faw=10kHz

L.CL Filter L=3.6mH, C;=235uF, L,=4
mH

Grid Impedance Ly,=50 puH, R,=0.1 Q

The power losses and the cyclic temperature on the power
devices of a 3 kW single-phase PV system are firstly tested for
constant junction temperature control. When a voltage fault (0.43
p.u.) is detected, the system can immediately be changed to the
proposed control operation mode from normal operation
condition with the MPPT control. For comparison, the LVRT
operation mode with Const. — P and Const. — I control strategies
are also simulated. The results are shown in Table III and Fig. 8.

Table L. As it can be observed in Fig. 8(a), although the LVRT
FOSTER THERMAL PARAMETERS FOR AN IGBT MODULE FROM A LEADING operation with Const. — P control strategy can also inject the
MANUFACTURER. required reactive power, the injected grid current level is about
Impedance Zingor T 2:0 p.u. during LVRT. The high current amplit_ude will lead to a
; 1 5 3 1 higher power losses and thus according to (2) the
mean/maximum junction temperature will increase significantly
Gpy [Rei (RW)| 0074 | 0.173 | 0.526 | 0527 | 07 in LVRT operation, which has been verified by the results
7:(s) | 0.0005 | 0.005 | 0.05 0.2 0 presented in Table III and Fig. 8(a). By applying the proposed
Biod R (/W) | 0123 | 0264 | 0594 | 0468 | 0.7 jungtion temperature control, the power lgss§s on the switchiqg
104¢€ -
o) | 00005 | 0.005 | 005 02 0 devices of a s;ngle phase P.V.system are significantly reduced in
LVRT operation mode, as it is shown in Table III. The resultant
Table I11.
POWER LOSS DISTRIBUTIONS OF THE IGBT MODULES OF A 3 KW SINGLE-PHASE PV INVERTERS IN DIFFERENT OPERATION MODES (UNIT: W).
1 2 3 4
Module No.

S; D, S, D, S3 D; Sy Dy

Normal Operation (MPPT) 19.2 3.1 18.95 3.1 18.95 3.1 19.2 3.1

Low Voltage Ride-Through (Const - P, 0.43 p.u.) 48.1 13.6 | 47.65 | 13.47 | 47.65 13.47 48.1 13.6

Constant Junction Temperature Control (0.43 p.u.) 18.7 8.1 18.4 8.0 18.4 8.0 18.7 8.1
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Fig. 8. Simulation results of a 3 kW single-phase full-bridge PV inverter with the proposed control method to: (a) achieve constant maximum junction temperature
and (b) reduce junction temperature (voltage sag depth: 0.43 p.u.): i,: grid current, v,: grid voltage, P: injected active power to the grid, Q: injected reactive power

to the grid, T;: junction temperature, S: IGBT, D: diode.

lower power losses lead to a reduced mean/maximum junction
temperature compared to the case in Const. - P mode during ride-
through, as it is proved in Fig. 8(a). Moreover, the IGBT
temperature cycling amplitude is also reduced to 10 °C (AT},)
from 30 °C (AT};), when the system is controlled in Const. - P
mode as it is shown in Fig. 8(a). Thus, with the proposed control
method, a constant maximum junction temperature is achieved
during ride-through with sufficient reactive power injection, and
thus the overall reliability of the PV system is further improved
according to (1). However, it can be noted from Fig. 8(a) that
during ride-through the diode junction temperature is increased
due to the injection of reactive power into the grid. The diode
junction temperature might also be reduced or by applying the
constant junction temperature control. In that case, the control
objectives of the entire system during LVRT will be: 1) to ride-
through low voltage condition, 2) to keep the IGBT junction
temperature constant and 3) to reduce the thermal stress on the
diode. Similar power reference profiles (Fig. 7) can be obtained
in order to achieve these goals.

Fig. 8(b) shows the results of a 3 kW system with the
proposed control method to achieve a reduced junction
temperature during LVRT. By adjusting the slope k, the
maximum junction temperature is reduced during LVRT.
Compared with the constant junction temperature control and the
Const — I control strategy, the proposed control method can fulfill
the requirement of power injection requirement and also improve

the reliability of the entire system, since the power references for
this control method are optimized according to Fig. 7 and (10).
Those results show the effectiveness of the proposed method to
achieve a reduced or even a constant junction temperature of the
power devices under grid faults.

B. Experimental Verifications

In order to demonstrate the ability of reactive power injection
under grid faults for future PV inverters, a 1 kW grid-connected
system is examined in the laboratory based on single-phase PQ
theory [7, 30]. The sag generator is used to make a 0.43 p.u.
voltage sag in the experiments. The proportional resonant
controller with harmonic compensators is adopted again to
achieve high power quality of the injected current. Except for the
grid impedance, the other parameters of the experimental setup
are the same as the specifications of the simulation system listed
in Table II. The experimental results are presented in Fig. 9.
During the LVRT operation shown in Fig. 9, the single-phase
system is injecting reactive power into the grid according to grid
requirements defined in Fig. 1. At the same time, the active
power is reduced in order to achieve a reduced junction
temperature of the IGBT devices. When the voltage fault is
cleared (the voltage amplitude goes to 90% of the nominal
value), the system returns to its normal operation mode and it is
injecting satisfactory current at unity power factor. Since the
Const — I control strategy are adopted in the experiments, this
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Fig. 10. Experimental results (thermal performance) of a single-phase 3-level NPC PV inverter under different power factors: Spl —IGBT, Sp2 — Clamped Diode

and Sp3 — MOSFET.

experimental test shows that, by injecting reactive power, a
constant amplitude of the grid current is achieved, leading to a
reduced junction temperature as discussed above. It also
demonstrates the flexibility of a single-phase system to provide
multi-functionalities in the future. The single-phase PO power
control method in the test is effective in terms of fast dynamic
response and reduced thermal stress. Furthermore, the dynamic
behaviors of the active power and reactive power shown in Fig.
9(b) are similar to those in Fig. 8 during the voltage recovery
period (i.e. voltage sag is cleared), which shows the effectiveness
of the proposed junction temperature control method.

Since the lack of open IGBT modules and thus the
corresponding thermal testing setup for the 3 kW single-phase
PV inverter, of which many efforts will be devoted to in the
future, the illustration of the junction temperature controllability
is experimentally demonstrated on a 3-level NPC high power PV
inverter operating at low power conditions. A commercial 3-
level NPC PV inverter with the rated current of 30 A and the
rated voltage of 1200 V is selected as the candidate for thermal
tests, and each leg of the NPC inverter consists of two IGBTs,
two clamped diodes and two MOSFETs. The switching
frequency is 20 kHz and the experimental results are shown in
Fig. 10 and Table IV. As it is observed in the test results, the
junction temperature of the clamped diode (i.e. hotspot Sp2)
experienced a linear change with the power factor, which is in
coincidence with discussions presented in [28]. While the
junction temperature of the IGBT is kept the same, but the power

factors are different (Test No. 1 and No. 3). This verifies the
possibility to achieve a constant (or reduced) junction
temperature of the power devices by appropriately allocating the
active power and reactive power, which is the essential idea of
this paper.

Table IV.
TEST RESULTS OF A SINGLE-PHASE 3-LEVEL NPC PV INVERTER UNDER
DIFFERENT POWER FACTORS.

Test | Power P 0 S Hotspot Temperature ( °C)

No. | Factor (W) (Var) | (VA) Spl Sp2 Sp3
1 0.4538 | 2574 | 505.5 | 567.3 23.7 23.3 22.6
2 0.8955 | 507.5 | 252.3 | 566.8 24.1 24.6 23.6
3 0.9996 | 564.7 | 16.8 565 23.7 24.9 23.4

IV. CONCLUSIONS

An approach to achieve a reduced or constant junction
temperature of the switching devices in a single-phase PV
inverter has been proposed in this paper. The controlled constant
junction temperature and reduced temperature swings allow a
further improved reliability of the PV inverter and an improved
robustness of the PV system in response to abnormal grid
conditions (e.g. low-voltage ride-through). By appropriately
injecting reactive power to the grid during ride-through
operation, the single-phase PV inverter would not be at the risk



of over-current protection and therefore with a better grid support
capability. Simulation results on a 3 kW PV inverter with
different levels of reactive power injection and experimental
results from a 1 kW prototype verified the effectiveness of the
presented control scheme. The proposed control method has been
also demonstrate on a 3-level NPC PV inverter, and the results
confirmed the controllability of the junction temperature through
the injected power regulation. Considering that the voltage fault
is a short period, the proposed method also offers the possibility
to maintain a constant junction temperature of switching devices
under varying solar irradiance levels if a wide range of reactive
power injection is allowed by future grid codes.
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