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Abstract — PV inverters can provide ancillary services while
simultaneously providing active power. A transactive energy
system (TES) incentivizes a PV inverter to provide ancillary
services and compensates for the cost of additional power losses
due to additional reactive power production. However, providing
ancillary services can shorten the lifetime of the PV inverter since
additional reactive power increases the thermal stress of it. This
paper models the lifetime shortening effect of a PV inverter when
providing ancillary services. Based on the lifetime estimation, an
improved marginal cost curve of reactive power generation for
the PV inverter is proposed. The improved marginal cost
considers the normalized lifetime (NLT) of the PV inverter given
the active power, reactive power, and ambient temperature. The
proposed NLT algorithm is validated by a simulation case study.

Index Terms—Transactive energy system (TES), PV inverter,
inverter aging, ancillary services, supply curve.

. INTRODUCTION

Solar photovoltaic (PV) integration requires power
electronic inverters to interface with the power grid. Many
literature have reported that the power electronic devices have
shorter lifetime compared to their associated PV panels [1], [2].
Due to the short lifetime of inverters, more than one half of the
maintenance cost of a PV system may be attributed to the
inverters [3]. In addition, the utility power industry usually
expects a long lifetime of inverters so that the inverters could
retire from the power grid together with the whole PV system

[4].

The failure mechanisms of inverters are complex.
Semiconductors and capacitors are the most vulnerable
components that lead to inverter failure [4]. Both capacitors and
semiconductors are sensitive to temperature [5].

Many power electronic literature have proposed solutions to
extend the lifetime of inverters. Andresen et al. [6] proposed a
maximum-power-point-tracker (MPPT) control for PV systems
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which limits the maximum junction temperature of the power
semiconductors. Yang et al. [7], [8] also proposed a MPPT to
limit the maximum operating point which will limit temperature
indirectly. PV inverter manufacturers design their products by
derating the output power as ambient temperature increases

[9}-{11].

The transactive energy system (TES) is a concept for
distributed systems or microgrid operation to engage more
distributed energy resources (DERS), especially non-utility
owned DERs connected to the power grid [12]-[15]. The basic
idea of TES is to provide an incentive to customers to engage
the support from non-utility owned DERs. A double-auction
method is applied to determine the cleared price of a bidding.
When power generation is sufficient, suppliers can offer low-
cost electricity, which encourages customers to buy more
electricity [12], [13]. The customer could also offer a low price
to purchase electricity if the power demand from the customer
is not urgent [16]. TES considers the cost of electricity to
optimize its control strategy. This feature can be used to
consider the cost of maintaining the PV inverter aging.

Alam et al. [12], [13] proposed a transactive approach to
engage DERs to provide ancillary services. The bidding
strategy considers the extra power loss of the inverter when
providing the reactive power and the cost of curtailing the
active power to leave room for reactive power production.

Some literature have indicated that the engagement of
DERs to provide ancillary services may have negative effect on
the lifetime of DER inverters due to the increasing thermal
stress [17], [18]. In that case, it may increase the maintenance
cost of PV inverters, which will also increase the overall PV
energy cost.

This paper proposes a marginal cost model for PV inverters
to provide ancillary services considering the aging effect of
additional reactive power production. The proposed marginal
cost model can effectively avoid excessive thermal stress on the
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PV inverters by offering a higher price when providing
ancillary services. Therefore, the lifetime of the PV inverter
could be extended. This paper is organized as follows. Section
Il formulates the power loss of PV inverters. Section Il
converts the power loss of the PV inverter into a thermal model.
Section 1V discusses the lifetime estimation of PV inverters.
Section V derives the proposed marginal cost of a PV inverter
considering the aging effect of additional ancillary services. A
case study is provided in Section VI to verify the effectiveness
of the proposed marginal cost model.

1. PV INVERTER POWER LOSS ASSESSMENT

Power losses of PV inverters mainly come from 1)
semiconductor switching loss; 2) semiconductor conduction
loss; 3) bulky passive components (dc-link capacitor, filtering
inductor, high frequency transformer) power loss; 4) auxiliary
circuits (gate drive, controller, EMI filter, sensing circuit)
energy consumption. Among the four categories, 1) and 2)
dominate at medium to heavy load. The auxiliary circuit energy
consumption dominates at light load. Other power losses of PV
inverters will not be considered in this paper because they do
not have significant contributions to temperature rise.

A. Semiconductor Switching Loss

For a given metal-oxide—semiconductor field-effect
transistor (MOSFET) or insulated-gate bipolar transistor
(IGBT) of a PV inverter, the switching loss could be formulated
as follows [19],

Rcw = Vdcis '%ttot 'fsw (1)
where tio is the total time of current rising/falling and voltage
falling/rising when power switches turn on/off. fs is the
switching frequency. to: is a fixed value once a specific
switching device is selected. Vg is the dc-link voltage. is is the
load current. The switching loss at a turn-on state is shown in
Fig. 1 [19].

From (1), the switching loss is proportional to is. Since
apparent power S = Vsl is also proportional to is, the switching
loss is proportional to S.

Py, = kS 2

The coefficient ky depends on tit, fsw, Vac, and the number of
devices. Once a PV inverter is assembled, ki is a fixed number.

B. Semiconductor Conduction Loss

For the MOSFETSs/IGBTSs of a PV inverter, the conduction
loss could be formulated as follows [19],

Vdc ) is tior
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Fig. 1. Switching loss at turn-on state.

Poon = isszs(on) (3)

where Rasn) IS the drain-source on-resistance. It can be seen
from (3) that the conduction loss is proportional to is.
Therefore, the conduction loss is proportional to S2,

Poon = kzsz (4)

The coefficient ko depends on Rason), and the number of
devices. Once a PV inverter is assembled, k; is a fixed number.

C. Auxiliary Circuit Energy Consumption

The auxiliary circuits include gate drive, controller, EMI
filter, sensing circuit, etc. The energy consumption of these
circuits is independent from the load. Auxiliary circuit energy
consumption is fixed once the PV inverter is assembled. The
power loss of auxiliary circuits can be formulated as follows,

Paux = k3 (5)
The power loss of PV inverter could be formulated as,
Ploss=Psw+Pcon+Paux=k252+k15+k3 (6)

The power loss model can be estimated by reviewing the
datasheet provided by the manufacturers, or a more accurate
approach is to conduct field tests.

I1l.  ELECTROTHERMAL MODEL OF PV INVERTER

A typical IGBT module with thermal management is shown
in Fig. 2 [20]. IGBT and diode chips are the heat source. The
junction temperature Tjunc Will be passed to the case of IGBT
module through several layers of materials and finally result in
case temperature Tc. The case of an IGBT normally will be
attached to a heat sink by thermal paste. Thermal paste and heat
sink usually have a good thermal conductivity. The resulting
heat sink temperature is Tn. The heat sink dissipates the heat to
the ambient by convection. Other types of thermal management
systems include fans, cold plate, and water cooling.

The Foster thermal model [18] is used to estimate the
thermal stress of a PV inverter. The Foster thermal model
describes the temperature transient of an object by a branch of
RC network. The detailed thermal model of a PV inverter is
shown in Fig. 3. The switching loss and conduction loss are the
heat source for each IGBT module. In a PV inverter, it normally
contains 6 to 8 IGBTs depending on the topology. Each IGBT
is attached to the heat sink by thermal paste. The capacitor
power loss is the heat source for capacitor. Each PV inverter
normally contains several capacitors on the dc link and their
thermal resistances are thermally in parallel. The capacitors and
other auxiliary circuits such as PCB boards, filtering inductors,
EMI filters might not have thermal management depending on
inverter design.

Many manufacturers provide the Foster thermal model for
their products. The junction temperature of an IGBT module
can be formulated as (7), where 1 < i <k, k is the number of
IGBTs in a PV inverter; and 1 <j <1, where | is the number of
terms in the Foster thermal model. The temperature of the
capacitors and auxiliary circuits can also be formulated similar
to (7). The derivation is omitted in this paper.
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Fig. 2. Typical IGBT module with thermal management.

The PV inverter thermal model can be simplified as shown
in Fig.4 since the thermal resistances of the capacitor and
auxiliary circuits are typically much greater than that of IGBT
modules. The equivalent thermal impedance of PV inverter is

Zeq = ZZIGBT [ ZDiode + Z Zpaste + Zsink (8)
The IGBT and diode thermal impedances are in parallel.

The equivalent thermal impedance of thermal paste is related to
the effective area and thickness of the selected thermal paste,

6
RPaste =p- a (9)

where p is the resistivity of the selected thermal paste, 6 is the
thickness of thermal paste, A is the area of thermal paste. The
detailed parameters of the thermal model are summarized in
Table I [21]. The thermal model in Table I assumes that the
diode and IGBT chip are embedded in the same module
package such as TO-247. The IGBT/diode module is attached
to the heat sink through the thermal paste with the same area of
the package. The PV inverter power loss characteristics are
summarized in Table 11 [22].
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Fig. 3. Detailed thermal model of PV inverter.

IVV.  LIFETIME ESTIMATION OF PV INVERTER

The lifetime estimation for a PV inverter involves in-depth
knowledge of multiple subjects. To simplify the analysis, the
lifetime estimation of an IGBT will be used as the lifetime
estimation of a PV inverter. The lifetime model of IGBTSs can
be formulated as follows [23],

Ny = A X (ATjunc)” x (ar)fréTiunctfo

C+(ton)Y E

(5] e () <
where Nt is the number of cycles to failure. This parameter
indicates that a new IGBT module is going to fail after N; cycles
of use for a given operating condition. ATj,,,. is the temperature
variation in time period of ton. ton is the thermal cycle period,
which is the same as the electrical line period [24]. AT}y, is

estimated by an empirical value [24],
ATjunc =02x (Tjunc - Tamb)
The other parameters are given in Table 111 [23].

From (6), (8), (10) and (11), the PV inverter lifetime is
related to ambient temperature and the apparent power

(10)

11)

s =P+ Q2 (13)
Nf = f(P' Q'Tamb) (14)

Fig. 5 shows the normalized lifetime (NLT) given an
ambient temperature of 25 <C. The active power is curtailed
when reactive power increases and the apparent power reaches
to the nominal rating. If the active power output is high, the
estimated lifetime does not decrease much when reactive power
increases. The lifetime shortening effect is fixed once the PV
inverter falls into the active power curtailment zone because it
is operating at its maximum apparent power.

V. MARGINAL COST AND SuPPLY CURVE

The PV inverter supply curve represents the marginal cost
of the PV inverter to provide reactive power. The cost to PV
inverters for providing reactive power includes: a) loss of
revenue (LoR) due to active power curtailment (if any), and b)
wear-and-tear cost of the PV inverter. The cost to LoR of this
paper follows [12]. The cost to power loss can be formulated
as
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Fig. 4. Simplified PV inverter thermal model.
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TABLE |. KEY PARAMETERS OF PV INVERTER’S THERMAL MODEL [21]

Thermal Resistance (K/kW) Thermal Capacitance (x10~%s) Count
IGBT Ri=5.24 R,=1.54 Rs=1.57 Rs=0.145 1,=151 =249 ;=386 1©,=0.661 6
Diode R.=104 R,=3.19 Rs=3.08 Rs=0299 ©,=151 =249 ;=386 1©,=0.661 6
Thermal Paste  p =142 K-em/W  0=50.8 um A =59 cm? 7=1000 6
Heat Sink R =500 7=1000 1
TABLE |l. PV INVERTER POWER LOSS CHARACTERISTICS [22]
ka ki ks Pout Req Model
Inverter 1 1.471>10-° 0.03733 18.831 25kW 05528 K/IW SMA SWR-2500U

TABLE lll. PARAMETERS OF THE LIFETIME MODEL OF AN IGBT MODULE [23]

Parameter  Value Experimental condition
A 3.4368>104
a ~4.923 5K < ATjunc <80 K
B 9.012x10-3
Bo 1.942 0.19<ar<0.42
c 1.434
y ~1.208 0.075<tn<63s
fs 0.6204
Ea 0.06606 eV 325 C< Tye<122 T
K 8.6173324x10 5 eV/K
Cioss = ET x P2réd (15)
loss !
where Plgg" is the power loss for the reactive power

production, ET is the electricity tariff. NLT is selected as an
index to indicate the lifetime shortening effect of reactive
power for the PV inverters. NLT = 1 when the lifetime
shortening effect is not present. NLT decreases towards zero
when the lifetime shortening effect increases.

Modify (15) to consider NLT,

Cllg]g = Closs/NLT . (16)
The total reactive power cost is calculated as follows,
Cthtal = CLoR + Cl[gésr' (17)

Differentiate (17) with respect to the requested reactive
power to compute the marginal cost of reactive power.

- dcg)tal

ereq
where, MCR is the marginal cost to PV inverter for providing
reactive power, dC% is the first order differentiation of cost
of producing reactive power, dQreq is the first order

differentiation of requested reactive power. The marginal cost

mc?

(18)

for providing reactive power is the supply curve for the PV
inverter.

VI. CASE STubDY

To verify the proposed marginal cost considering NLT, a
24-hour simulation is conducted. The demand curves from
customers are compared with the supply curves to determine
the cleared price. The reactive power demand curve of this
paper follows [12]. A sampled 24-hour MPPT profile from a
typical PV inverter is fed into the simulation. After the market
is cleared, the cleared price will be sent from TES to distributed
controllers to dispatch the PV inverter based on its price curve.
Fig. 6 shows the MPPT profile and the actual active power
output of the PV inverter using the marginal cost model with
and without NLT algorithm. The active power production has
no difference between these two cases.

Fig. 7 shows that the actual reactive power output of the PV
inverter using the marginal cost model with and without NLT.
The actual reactive power generated by the PV inverter using
NLT algorithms is smaller than the one without the NLT
algorithm. Fig. 8 shows the estimated lifetime usage of the PV
inverter in this case study. The PV inverter uses 0.15% of its
lifetime with the NLT algorithm, whereas it uses 0.35% of its
lifetime without the NLT algorithm. This case study
demonstrates that the proposed marginal cost model can
effectively reduce the life-shortening effect of the reactive
power production.

VIlI. CONCLUSION

This paper discusses the lifetime-shortening effect of PV
inverters when providing ancillary services. The lifetime
estimation shows that the lifetime-shortening effect of reactive
power correlates with active power and ambient temperature.
Based on the lifetime estimation, an improved marginal cost

model of reactive power is proposed for PV inverters. The
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Fig. 6. MPPT profile and the actual active power output of the PV
inverter using supply curve with and without NLT.
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Fig. 8. Estimated lifetime usage of PV inverter.

improved marginal cost gives a quantitative consideration of
the thermal stress of the reactive power for the PV inverter
given the conditions of active power and ambient temperature.
The proposed model is validated by a simulation case study.
The case study shows that the proposed marginal cost model
can effectively avoid excessive thermal stress on the PV

inverter.
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