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Abstract. The removal of heat from electronic components, increasingly
miniaturized with high power dissipation per unit volume, is a significant
industrial problem to be resolved, to avoid failures due to excessive
temperatures and besides to maintain performance and operating conditions.
This article describes the development of a one-dimensional thermodynamic
model to simulate the cooling of electronic chips belonging to inverters for
stationary PV solar arrays; these are typically located in very different
environments, including deserts or very hot areas, so the operating life of
theirs inverter units are strongly affected by changes in external
environmental conditions. Results have shown that the model allows, with
very low calculation times, to quantify the effects of cooling performance
and thermal load of electronics both in design and off-design conditions: the
working temperature of the components was monitored as the effectiveness
of the main heat exchanger vary with the exposure to the external
environment over time, in terms of fouling and as the ambient air
temperature changes; in this case a simple control system was simulated to
limit the maximum temperature of the chips and the air flow rate of the fans.
The thermal performances of two types of glycol-based refrigerant fluids
have been compared.

1 Introduction

Recent developments regarding electronic components and other semiconductor devices
in terms of miniaturization have led to a huge increase in power density; this trend has created
new technological challenges to maintain the reliability of these systems, in particular
through limiting the maximum temperature of the chip junction through removing the heat
produced by the power dissipation of the devices themselves; in fact, more than 50% of all
electronics failures are caused by shortcomings in temperature control [1]. Some studies have
estimated that an average heat flux per unit area of about 150-180 W/cm2 was a trustworthy
magnitude for a generic electronic component up to 2018 [2].

The fundamental importance of studying the applications of thermal management of
electronic equipment has been recognized since the end of the last century: for example,
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Nakayama has presented a review of these techniques [3], and Bar-Cohen focuses on both
air and liquid cooling techniques of the chips [4].

The main technologies for thermal control of electronic devices are classified between
traditional techniques, which use air or liquid systems and advanced ones, such as
thermoelectric or nanofluid systems technologies [1], [2], [5]; among the already mature
technologies, liquid cooling is certainly very performing, as reported by [6], in particular
when compared with air cooling systems, whether with natural or forced convection, which
are simpler and cheaper, but less effective in terms of heat quantity to be removed per area.

Among the main industrial applications concerning cooling systems for electronic
components, such as data centers, supercomputers and many others [7]-[10], we will focus
on inverters; these devices have achieved at this point very high efficiencies, around 98%,
and can be easily managed thermally by air convention for residential applications [11];
however, when the electrical power involved is very high, considerable amounts of heat
remain to be removed and therefore liquid cooling systems can be considered, as in the case
inverters for stationary applications in large photovoltaic solar fields [12]. These systems,
often installed in hot and desert areas, can be affected by outside air temperatures even above
50°C and so it is essential to maintain reliability over time, controlling the maximum
temperatures of the semiconductors mainly for two reasons: on one hand to maintain a
constant power supply and avoid sudden disconnection from the grid and on the other hand
to minimize maintenance and repair costs [13], which can be higher for stand-alone plants.

Starting from these issues, this work presents the modeling of a tool for the simulation of
the thermal control system of inverters for photovoltaic fields [12]: specifically, a detailed
model of the cooling plate of the chips and the entire system composed of air-water
exchangers has been realized; once the model has been set up to the nominal conditions,
analyses were carried out when the ambient air temperature and the fouling of the external
exchanger change.

2 A case study: Inverter Unit

The schematic layout of the analyzed plant is presented in figure 1(a): the system is composed
of: one centrifugal pump (P) that elaborates the refrigerant fluid, specifically a 50% water-
glycol mixture (with propylene or ethylene glycol), two water collectors (WCs), which
convey the liquid into the various exchangers, two Cold Plates (CPs), on which the electronic
components are mounted and cooled by internal coils of water and two internal air-water heat
exchangers (IHEs), whose purpose is to limit the case internal air maximum temperature; the
accumulated heat by the refrigerant is rejected in ambient air thanks to an External Heat
Exchanger (EHE), which cools the liquid by pumping ambient air through a fan and returns
it to the pump inlet temperature. All heat exchangers are air-water countercurrent type.

The key element of the cooling system is the Cold Plate unit, in which the main heat
removal and the major thermal gradients take place, due to the presence of semiconductors
that dissipate power; figure 1(b) clarifies the arrangement of the IGBT (Insulated Gate
Bipolar Transistors) type modules on the surface of the cold plate: the coolant flow inside the
cold plate runs into a coil in three branches that initially comes into contact with the modules
mounted on the top, i.e. the 6 ones on the top side and the 4 ones on the bottom side, then
reverses the direction in an intermediate channel, not in close contact with IGBTSs, afterwards
returns towards the modules in the lower row (3 modules on the top side of the Cold Plate),
and finally exits the cold plate. For each module or pair of modules is assigned an
identification number of the area where they are mounted: elements from 2 to 5 on the bottom
side require the removal of the nominal amount of heat, while modules from 1 to 6 and from
7 to 9 on the top side dissipate half and three-quarters of the nominal value, respectively.
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In design conditions, the main operating parameters of the considered system are listed
in Table 1:

Table 1 . Design operating conditions

Name Symbol Value [Unit]
Total refrigerant flow rate Qwg 501s
EHE maximum air flow rate Orn E.air 10000 m*/h
External air Temperature Tamp 50 °C
External air Humidity UR g mp 60%
External air Pressure Pomb 1.01 bar
Glycol in the water-mixture PG, EG 50 %
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Fig. 1. Inverter cooling system layout (a) with related Cold Plates modules arrangement scheme (b).

3 Thermodynamic model

This chapter describes the thermodynamic model developed for the application previously
presented: the program first resolves completely the system by imposing design conditions
and then calculates the off-design configuration from the off-design inputs and geometry
information provided by the design run.

3.1 Heat exchangers model

The liquid-air heat exchangers are modelled with mono dimensional thermodynamic
equations and for each of these the mass and energy balances of the water-glycol and air
flows are solved. For the generic heat exchanger, the heat flux is given by equation (1):

WHE,i = mwg,icpngTHE,wg,i = mair,icpairATHE,air,i (D
For the off-design run, the global heat exchange coefficient UA [W/K] is calculated at

the end of the design analysis and subsequently used for the off-design calculation, as
reported in the following equation:

https://doi.org/10.1051/e3sconf/202019710008
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W = UAAT,, (2

where is AT,,; is the mean logarithmic temperature between the two streams exchanging heat.

3.2 Cold Plate model
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Fig. 2. Cold Plate simplified cross section scheme and relative thermal resistances for each element
(a) and schematic heat flux thermal spreading (b).

The cold plate is the element for the indirect liquid cooling of the electronic modules [5],
since between the flow of liquid circulating in the internal coil and the chips are interposed
the aluminum of the cold plate itself and any adhesive paste necessary for electrical
insulation, frequently called "grease"; therefore the problem will be to obtain the final
temperature of the junction, considering all the thermal resistances between the refrigerant
and the various layers interposed between the water-glycol and the IGBTSs, as schematically
shown in figure 2(a).

The main problem is the calculation of the thermal resistance spread for the determination
of the overall thermal performance when heat flows from one region to another with different
areas, as we can see from figure 2(b), which is commonly seen in power electronics [14]—
[16]. The total thermal resistance Ry [K/W], on which the actual heat exchange will depend,
is obtained by summing the other resistances and its value is given by the following equation,

Rtot = Rjun + Rgr + Rall + Rspr + Rconv (3)

where: Rjus is referred to the module with its junction, R refers to the insulating paste, Ran
incorporates the cold plate material thermal properties, R, takes into account the spreading
effect and Reony depends on the convective heat exchange coefficient of the refrigerant flow.

The first three mentioned above are given by the manufacturer, while the last two are
calculated. The spreading thermal resistance is obtained through the equation (4), as
described by [17] and [18]:

_ Ymax
Rspreading - kreq\/E (4)

where k is the thermal conductivity [W/Km] and ¥,,, is calculated by means of the
following equation, knowing the ratio between the equivalent radii of the heat sink and the
chip (6), the ratio between heatsink thickness and heatsink equivalent radius (7) and ¢,
calculated through (8), which contains the Biot number (9) and the A, coefficient (10).

1
Vnax = j_; + = 1-98)¢ ®)
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¢ = Tehip (6)
Tdiss

T = Ldiss (7)
Tdiss

tanh(lcr)+% (8)

- 1+(%)tanh (AcT)

Bi = laissTdiss )
k

_ 1 10

/1C—7I+\/E£ (10)

The convective resistance of the fluid is also calculated by the tool, as shown in the next
equation, where Agiss [m?] is the total dissipator area and heony [W/m?K] the convective
coefficient.

-t (11)

R
conv
Agisshconv

The convective coefficient heony,wg Of glycolic water is estimated from Nusselt's dimensionless
number Nu; it depends also on the flow regime and is obtained from the following equations:

Nu = :—? =4.36 (Laminar flows) (12)

Nu = 0.023Re®®Pr'/3 (Turbulent flows) (13)

For laminar flows (typically for Re<2300), the Nusselt number is assumed as a constant
value, while instead for turbulent flows in tube we use the equation (13), called the Colburn
equation [5]. To improve the overall heat exchange coefficient, inside the coil there are finned
channels with rectangular passage sections, so the convective heat exchange coefficient is
increased by adding the equivalent heat transfer coefficient of the fin effect (14) to the fluid

one,
n _ tanh( /Efianinn) (14)
conv,eq \/Ef_in(%)
o i (15)

where Pe [m] is the fin base perimeter, Lnn [m] the fin length and A [m?] is the fin base area.
Finally, the total value of the finned convective coefficient is obtained:

hconv,finn = hconv,wgrlconv,eq (16)
The total convective resistance, anticipated by the simple equation (11), is thus modified:

: (17)

Nch(hconv,finAfin+hconv,H20LchLID)

Reony =

Where N is the number of channels, Lc, [m] is the length of channel and Lip [m] is the ID
module area width, the Ag, [m?] is the area of competence of the fins block, all related to
each ID - region of the modules (or pair of them). Once Ry is calculated, it is possible to go
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back to the temperature of the junction, knowing that of the water T, entering the particular
control volume, identified by the ID number of figure 1(b), and the module dissipated power

W mod inverting equation (18).

(T junc=Twg)
11;7;6 w9) = Ry (18)
mod

3.3 Pump and fan model

While the pump in the program mainly uses the dimensionless operation maps given by the
manufacturer directly, from which head, power and efficiency are obtained, this one and the
fan can also be modelled for the determination of the electrical power required as follows:

_ _MpdP (19)

el PfiMmecTel

where 1, [kg/s], the air or water mass flow rate and the pressure drop AP [Pa] are divided
by the mean density py; [kg/m’] and the mechanical 7, and electrical 7, effectiveness.

3.4 Off-Design strategy

The off-design model receives the data from the design run: the Pinch Point temperature
differences ATpp ges, the flow rates Qqes and the heat exchangers geometry details UAges, then
the last inputs are given by the choice of the off-design variables: the external air temperature
Tamb, the power to be dissipated Waissorr, the air or water flow rates Qo and even the
exchanger fouling factor FF.

The tool will resolve the external component (EHE) by recalculating the outlet
temperature Ty, and the processed air flow rate by varying the pinch point, through a fixed
UA iterative cycle; therefore all the other system components will be re-simulated and the
outputs updated, obtaining, among others, the new temperatures of the modules or the mass
flow rates required by the internal exchangers; the model logic flowchart is presented in
figure 3.

Fig. 3. Off-Design strategy flowchart.

4 Results

In this section the results of the design runs, starting from Table 1 data, and of the off-design
simulations will be presented. All the simulations were accomplished imposing the pump
running at constant speed; moreover, preliminary simulation results found values of the
Reynolds number close to transition from laminar to turbulent flow regime, and because this
is not exactly calculable and also because of the many internal cold plate machining
processes, a completely turbulent regime has been assumed and the program forced to always
use the equation (13).
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The calculation time required by the CPU was estimated: with the design inputs, only a
maximum of 0.031 s were required, while 0.422 s were requested by the program for the
longer simulation, processing the complete design and off-design run.

4.1 Design

Table 2 shows the results of the plant design simulations for the main components:

Table 2 . Results of the plant design simulation

Component Waes [KW] Quair,des [m%/h] ATwg [°C] | ATair [°C] ATrp [°C]
IHEi 4.3 1886.512 5.228 8.000 5
EHE 234 9800 7.105 7.860 10
CPi 7.4 - 8.979 - -

The results are compared with the current technical limitations of IGBT modules, for which
typically a temperature limit of 150°C is considered; however, many manufacturers identify
a lower value, approximately of 125°C, to ensure the reliability of the component over time.
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Fig. 4. Chip temperature for each module area. Fig. 5 Thermal resistances impacts on Riot.

In figure 4 the temperature trends of the junctions of the modules on the top and bottom
side are shown: three lines can be seen for each fluid, representing the linear increase in
module temperature due to the increase in temperature of the water that received heat from
the previous component for each block of IGBTs of the same power. The temperature rise
between 6" and 7" module for the top face is due to the higher power dissipated by the last
three modules, compared to the first six. The module that reaches the highest temperature is
the 5" on the bottom side, with a value of almost 120°C for Tju using water-based refrigerant
and 50% PG; in fact it is the module that comes into contact with the hottest water among
the modules that dissipate the maximum power.

The study of the effect of each layer of the cold plate on the overall thermal resistance
allows to understand which are the less efficient zones in the removal of the thermal load of
the junction: in figure 5, the percentage values of each single resistance compared to the total
resistance are shown: it can be seen how the junction and convection offer the biggest
obstacle to the thermal flow; while the first cannot be possible to decrease because it is a data
of chip, the second can be improved varying the internal channel configuration of cold plate.
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4.2 Off-Design

4.2.1 Ambient temperature variation and control system simulation

The maximum temperature of the junctions was tracked as the temperature of the external
air change from 5°C to 65°C, which represents the cold well of the plant and therefore the
thermodynamic limit; as shown in figure 6, the Tjuncmax grows approximately linearly with
Tamb as a result of the temperature increase of glycol entering the cold plates and arriving
from the external heat exchanger (EHE) which is processing a warmer air flow rate,
maintaining all other parameters under design conditions; moreover, the most
disadvantageous fluid was seen to be water mixed with Propylene-Glycol at 50%.

Figure 6 and 7 also shows the results of the simulation of a simple control system: if the
maximum temperature of 125°C is exceeded by the most thermally stressed module, the
system reduces the electric power and consequently the maximum power to be dissipated,
this occurs for example at 58°C for PG-mixture; the derating effect will be less severe in the
case of EG-mixture, which has heat capacity characteristics closer to pure water than the
propylene one [19]. In the case of 100% water, the limit temperature is never reached and
therefore the derating has not started.
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Fig. 6. Junction maximum temperature vs Fig. 7. Cold plate power derating vs ambient air
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Starting from an outside temperature of 10°C and considering the PG mixture, the
required air mass flow rate of the internal heat exchanger increases with the outside
temperature and this is shown in figure 8: the rise of the external air temperature, combined
with 3 different fixed maximum temperatures allowed for the internal air, leads to an
exponential increase of the required air mass flow rate due to the reduction of the thermal
gradient available to the air at equal heat exchange, with an asymptotic limit for the entire
system of an ambient temperature between 44.5°C and 59.5°C for the internal air temperature
values set between 65°C and 80°C.

The control systems is also activated for a maximum intern air flow rate of about 0.772
kg/s and it reduces the thermal power processed by the IHEs indirectly, that is limiting the
power of the modules: for all three cases, to reach Tamb up to 4.5°C more, figure 9 shows that
the required derating leads to a reduction in the power of the components up to 20% of the
nominal value, because at fixed flow rate and TairHE max the air temperature rise is drastically
reduced and consequently the power allowed. Comparing figure 7 and 9, with a set internal
air temperature of 65°C or 73°C the constraint on the THE flow rate would be stricter,
conversely, with an internal air temperature set at 80°C, the power derating would be at
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59.5°C and therefore the most stringent bond becomes the maximum temperature of module,
exceeded regardless of the inverter cabinet internal temperature and at 58°C value of Tamb.
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0.9+
0.71 TairHE,max = 65°C \ \
i o . ! 0.8 -
D 0.6+ *— Tremax = 73°C ! —
(&2 — - 80° 1 X074 L] L]
X 054 Tair iHg,max = 80°C 1 = \ \
! = 0.6
041 ! E L u
= ! = 0.5
© 0 3< 1 1
g0 ' 1 0.4
| 1 P [ ] ]
0.2 ] 1 0.3 Talr,IHE,max =65°C
0.1 T 021 Tair e max = 73°C
! ! N e Talr,lHE,max =80°C " "
0.0 4+ vy 0.1 : : : : : : :
5 10 15 20 25 30 35 40 45 50 55 60 65 30 35 40 45 50 55 60 65
o
Tamp [°Cl Tams [°Cl
Fig. 8. IHE air mass flow rate vs ambient air Fig.9. IHE power derating vs ambient air
temperature. temperature.

4.2.2 EHE fouling analysis

The external heat exchanger is investigated more deeply in this section, as its fouling varies;
in fact, it is in direct contact with the desert environments where the solar fields are often
installed and is therefore the component most subject to deterioration.

In figure 10 the maximum junction temperature of the modules increases according to a
progressive percentage reduction of the global heat exchange coefficient of the EHE, due to
an increase of the fouling over time, modelled with a correction coefficient FF, of unit value
in the case of design and which decreases with increasing fouling effect: for PG mixture, a
reduction of around 45% of the EHE heat exchange coefficient, that is a fouling factor limit
value equal to 0.55, would cause the maximum temperature to reach the assumed lower limits
of 125°C. With the EG mixture the same effect will occur with a lower FF, equal to 0.5.
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Fig. 10. Junction maximum temperature vs EHE fouling factor.

Conclusions

A numerical model for the simulation of a cooling system for electronic components for
photovoltaic inverters application has been presented; the plant has been studied with one-
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dimensional thermodynamic equations for all the components; moreover, the cold plate for
removing heat from chips has been modelled in detail.

After analyzing and setting up the system with design simulation, the main off-design
constraints have been studied: a control system application was simulated, imposing the
maximum temperature of the junctions on the cold plates not to be exceeded or a limit on the
flow rate of the internal fans, through a progressive reduction of the dissipated power, as the
temperature of the external air changes; moreover, some sensitivity analyses were carried out
to see how the performance of the external heat exchanger varies, considering its fouling.

With at most calculation times around half a second, all the simulations have identified
in the 5th of the upper side and pattern module the most at-risk component and how the
deterioration of thermal performance is more marked with propylene mixture compared to
the same percentage of water and ethylene mixture.
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