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Continuing Professional 
Development Update -  

University of Queensland, TIC

The Australasian Transformer Innovation Centre (TIC), 
University of Queensland, is proud to announce  a series of 
industry webinars for  2022. These webinars will typically be 

1hr- 4hrs long, and offer great learning outcomes at low cost: $60 
(incl GST) per hour for Non TIC member, Free for TIC members.

We are planning to deliver around 30 webinars in 2022, covering key 
aspects of Power Transformers and other HV plant and equipment.

Please visit our website for further details and registration:  
https://itee.uq.edu.au/austalasian-transformer-innovation-centre 
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Final Acceptance Testing: Scope, Techniques, and Result 
Assessment for Power Transformers Part 1 Dielectric 
Testing & Part 2 General Testing (4 hrs).

• Scope and Classification of Tests, Dielectric tests
• Lightning and Switching Impulse tests, equipment and 

results and assessment
• Other Dielectric Tests including Induced and Partial 

Discharge Test, their Applicability, Purpose & Assessment
• Loss Measurements, impedance, test techniques, 

expected results and assessment
• Test Circuits for Routine Tests and requirements of the 

Standards
• Useful rules to assess test results
• Temperature Rise tests techniques and thermal theory to 

understand the results
• Sound Level Measurement and theory including Sound 

Pressure vs Sound power
• Understanding Zero Sequence Impedance and its testing

Presenter Rob Milledge Hitachi Energy (4 hr webinar)

*Part 1:  Date 10th Mar 2022 1.00pm to 3.00pm Brisbane 
Time (AEST) 

*Part 2:  Date 17th Mar 2022 1.00pm to 3.00pm Brisbane 
Time (AEST)

The New IEC 60296 Revision & Its Impact On The 
Changing Market Dynamics (1hr).

• The major inclusion of recycled/reclaimed/regenerated 
oils

• Performance indicators with identification of the type of 
oil

• Insulating oils are now classified as Type A (fully inhibited 
high grade oils similar to special application oils in Ed4) 
and Type B (similar to standard grade oils for general 
application in Ed4)

• Major performance parameters now included is stray 
gassing (under thermo-oxidative stress) test for Type A 
oils 

• Impacts the dynamic market for insulating oil industry

Presenter Chian Yaw Toh - Nynas Singapore

*Date 29th Mar 2022 3.00pm to 4.00pm Brisbane  
Time (AEST)

A Field Diagnostic testing- which test needs to be 
carried out and how do I interpret the results? (2 hrs).

• Insulation, transformer failure modes
• Field Diagnostic testing- which test needs to be carried 

out and how do I interpret the results?
• What do they test and how does one interpret the results?
• What are the common online and offline tests?
• Dangers in high voltage testing, looking after test 

equipment

Presenter Joe Tusek, Verico

*Date 24th Mar 2022 1.00pm to 3.00pm Brisbane Time 
(AEST)
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If you want to learn more about TIC and the benefits of
becoming a member, visit  

https://itee.uq.edu.au/austalasian-transformer-innovation-centre  
or contact:

Prof Tapan Saha, Director, Australasian Transformer Innovation 
Centre, University of Queensland

E: saha@itee.uq.edu.au M: 0422 001 378

The TIC management team wishes to thank APT Publications 
for all their marketing activities for technical papers and CPD 
courses in 2021. Thanks to Tyrone, Martine, Lawrie and the 
team from the TIC team.
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A Sampling/Testing Oils in the Field, Laboratory Testing, 
Interpreting the Results (2 hrs).

• Chemistry of oil and paper and how gases are produced
• How oil and paper degrade
• Diagnostic oil tests including Dissolved Gas Analysis 

(DGA), Oil Quality Tests, Furans and Particle Analysis
• Interpreting results: applying laboratory test results to 

condition of equipment
• Detailed Case Studies. Taking appropriate action based 

on results. Oil Sampling – outline of best equipment and 
method for gaining a representative sample 

• Diagnostic testing of other oil-filled equipment namely 
Tap Changers, Circuit Breakers, Ring Main Units SF6 
testing

Presenter Antony Giacomin TjH2b

*Date 31st Mar 2022 2.00pm to 4.00pm Brisbane Time 
(AEST)

Power Transformer (OLTC) Tap Changer Field Testing  
(1 hr).

• Power transformer failure statistics
• Principle of winding resistance and dynamic resistance
• Static and dynamic resistance, how they are measured 

and assessed
• Case studies 
• Switching principles

Presenter Florian Predl, OMICRON

*Date 19th May 2022 3.00pm to 4.00pm Brisbane Time 
(AEST)
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Power Transformer HV Bushing Testing in the Field.

• What types of tests are commonly used to test 
bushings? 

• What are the common test set-ups and issues to 
consider? 

• What are typical ranges for test results?
• How does one analyse the test results for the various 

bushing types and tests?
• What factors negatively affect test results?
• How does one decide if the bushing can be returned to 

service, requires replacement or needs monitoring?
• The pros and cons of oil sampling of OIP bushings.
• Case studies

Presenter Joe Tusek, Verico

* June 2022 to be advised. * Date/time to be advised.
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Previous study of a solar farm (around 
3 MW) shows that the lifetime 
of inverter transformers could be 

multiple times the expected lifetime of 
the solar farm (typically 25 years), if these 
transformers’ lifetime is solely evaluated 
from thermal ageing’s point of view [1]. 
Therefore, this article conducts a study on 
down-sizing inverter transformers in solar 
farms at the planning stage. 

THERMAL AND LOSS OF LIFE LIMITS
Transformers are of ability to be subjected 
to overloading. Overloading a transformer 
can lead to temperature rise, accelerated 
ageing and accordingly a reduced 
lifetime of the transformer. Since down-
sizing inverter transformers can cause 
overloading, appropriate thermal and loss 
of life (LOL) limits should be defined to 
ensure an acceptable overloading risk. IEEE 
Std C57.91-2011 suggests thermal limits 
of top-oil temperature (TOT) and hot-spot 
temperature (HST) [2]. Further, to ensure 
the accelerated ageing will not reduce 
the inverter transformer’s lifetime to less 
than the designed lifetime (assumed to be 
180,000 h), the annual LOL should be less 
than 8760 h. 

CONSIDERED SCENARIOS OF 
INVERTER TRANSFORMER 
OPERATION 
One-year operational data of an inverter 
transformer T1 (connected to fixed-tilt PV 
arrays) in a solar farm (around 3 MW) is 
utilised [1]. Since the load of T1 may not 
reach the ideal maximum value due to 
variations of solar irradiance, an ideal case, 
which assumes clear sky throughout the 
year, is presented. Also, as the load profile of 
an inverter transformer can be significantly 
improved by adoption of tracking 
technologies of PV arrays, a worst case that 
assumes an inverter transformer reaches 
its possible maximum load and maintain 
the maximum load throughout daytime is 
presented. Thus, total three cases, i.e., real 
measured case, ideal case and worst case, 

are studied. An example of the load profile 
of the inverter transformer in the three cases 
is shown as Figure 1. 

Additionally, since inverters are known 
for generating current harmonics, under 
the same case different scenarios (with 
and without harmonics) are presented to 
study the influence of current harmonics on 
sizing inverter transformers. Details of these 
scenarios will be given in the next section. 
Prior to discussing results, a parameter ratio 
factor, i.e., ratio of inverter rating to inverter 
transformer rating, is defined to quantify the 
extent of down-sizing inverter transformers. 

RESULTS AND DISCUSSIONS
The inverter transformers’ TOT and HST 
under different cases are obtained by three 

thermal models (i.e., IEEEH model, SusaH 
model and MDTMH) developed in [3] and 
their LOL are calculated by the method 
given in IEEE standard C57.91 – 2011. In the 
following sections, first, the TOT, HST and 
LOL based on MDTMH model are presented 
and discussed. Then, comparisons of the 
maximum allowable ratio factor based on 
different thermal models are performed.

A. TOT, HST and LOL based on the 
MDTMH model
With different ratio factors, the highest HST 
throughout the year and the annual LOL 
under different cases are calculated and 
illustrated in Table I and Table II, respectively 
(TOT is not a limiting factor because it 
always reaches its limit 110 °C after HST 
exceeds 140 °C, thus, it is not shown here).

As can be seen from Table I and Table II, 
HST is the limiting factor, because as the 
increase of ratio factor, HST exceeds the limit 
at either a smaller or the same ratio factor 
compared with LOL. For example, in the case 
of worst SH, the HST exceeds 140 °C at the 
ratio factor of 1.2, while the LOL exceeds 
8760 h at a larger ratio factor of 1.3. Also, 
regardless of harmonics, the largest ratio 
factors that meet HST and LOL limits for the 
worst, ideal and measured cases decrease. 
This is because the inverter transformer 
has the heaviest load in the worst case 
and the lightest load in the measured case. 

Study on Down-Sizing 
Inverter Transformers in 

Solar Farms

Xin Zhong, PhD student, The University of Queensland

Considering no load during night and non-heavy load during daytime, inverter transformers in 
solar farms may be overrated.

Study on Down-sizing Inverter Transformers in Solar Farms 
Xin Zhong, PhD student, The University of Queensland 

Considering no load during night and non-heavy load during daytime, inverter transformers in solar farms may 
be significantly low usage. Previous study of a 3.275 MW solar farm shows that the lifetime of inverter 
transformers could be multiple times the expected lifetime of the solar farm (typically 25 years), if these 
transformers’ lifetime is solely evaluated from thermal ageing’s point of view [1]. Therefore, this article conducts 
a study on down-sizing inverter transformers in solar farms at the planning stage.  

I.  THERMAL AND LOSS OF LIFE LIMITS 
Transformers are of ability to be subjected to overloading. Overloading a transformer can lead to temperature 

rise, accelerated ageing and accordingly a reduced lifetime of the transformer. Since down-sizing inverter 
transformers can cause overloading, appropriate thermal and loss of life (LOL) limits should be defined to ensure 
an acceptable overloading risk. IEEE Std C57.91-2011 suggests thermal limits of top-oil temperature (TOT) and 
hot-spot temperature (HST) [2]. Further, to ensure the accelerated ageing will not reduce the inverter transformer’s 
lifetime to less than the designed lifetime (assumed to be 180,000 h), the annual LOL should be less than 8760 h.  

II.  CONSIDERED SCENARIOS OF INVERTER TRANSFORMER OPERATION   
One-year operational data of an inverter transformer T1 (connected to fixed-tilt PV arrays) in a 3.275 MW solar 

farm is utilised [1]. Since the load of T1 may not reach the ideal maximum value due to variations of solar 
irradiance, an ideal case, which assumes clear sky throughout the year, is presented. Also, as the load profile of 
an inverter transformer can be significantly improved by adoption of tracking technologies of PV arrays, a worst 
case that assumes an inverter transformer reaches its possible maximum load and maintain the maximum load 
throughout daytime is presented. Thus, total three cases, i.e., real measured case, ideal case and worst case, are 
studied. An example of the load profile of the inverter transformer in the three cases is shown as Fig. 1.  

Additionally, since inverters are known for generating current harmonics, under the same case different 
scenarios (with and without harmonics) are presented to study the influence of current harmonics on sizing inverter 
transformers. Details of these scenarios will be given in the next section. Prior to discussing results, a parameter 
ratio factor, i.e., ratio of inverter rating to inverter transformer rating, is defined to quantify the extent of down-
sizing inverter transformers.  

 
Fig. 1 An example of the load profile in the three cases  

III.  RESULTS AND DISCUSSIONS 
The inverter transformers’ TOT and HST under different cases are obtained by three thermal models (i.e., 

IEEEH model, SusaH model and MDTMH) developed in [3] and their LOL are calculated by the method given 
in IEEE standard C57.91 – 2011. In the following sections, first, the TOT, HST and LOL based on MDTMH 
model are presented and discussed. Then, comparisons of the maximum allowable ratio factor based on different 
thermal models are performed. 

A.  TOT, HST and LOL based on the MDTMH model 

With different ratio factors, the highest HST throughout the year and the annual LOL under different cases are 

Figure 1    An example of the load profile in 
the three cases

calculated and illustrated in Table I and Table II, respectively (TOT is not a limiting factor because it always 
reaches its limit 110 ℃ after HST exceeds 140 ℃, thus, it is not shown here). 

As can be seen from Table I and Table II, HST is the limiting factor, because as the increase of ratio factor, 
HST exceeds the limit at either a smaller or the same ratio factor compared with LOL. For example, in the case 
of worst SH, the HST exceeds 140 ℃ at the ratio factor of 1.2, while the LOL exceeds 8760 h at a larger ratio 
factor of 1.3. Also, regardless of harmonics, the largest ratio factors that meet HST and LOL limits for the worst, 
ideal and measured cases decrease. This is because the inverter transformer has the heaviest load in the worst case 
and the lightest load in the measured case. Additionally, it is clear that when the HST is less than 140 ℃, the 
temperature rise from current harmonics is insignificant (less than 2.5 ℃), though this small increase in HST leads 
HST to exceeding the limit. This indicates that in most cases current harmonics would not be a limiting factor in 
affecting sizing inverter transformer if their level is within the standard limit 5%. 

TABLE I 
HIGHEST HST THROUGHOUT THE YEAR UNDER DIFFERENT CASES 

Case harmonics 
Highest HST at different ratio factors 𝑘𝑘𝑛𝑛/℃ 

*𝑘𝑘1 = 0.99 𝑘𝑘2 = 1.1 𝑘𝑘3 = 1.2 𝑘𝑘4 = 1.3 𝑘𝑘5 = 1.4 𝑘𝑘6 = 1.5 𝑘𝑘7 = 1.6 𝑘𝑘8 = 1.7 

Worst 
NH 112.9 126.5 139.5 153.3 167.8 183.1 199.2 216.2 
SH 116.0 128.5 141.7 155.7 170.5 186.0 202.5 219.7 

Ideal  
NH 94.0 104.1 115.0 126.7 139.1 152.4 166.5 181.4 
SH 95.4 150.7 117.0 128.9 141.6 155.1 169.5 184.7 

 
 

 
 
Measured 

C1 79.9 89.2 98.3 108.0 118.3 129.2 140.7 153.2 
C2 80.0 89.4 98.5 108.2 118.5 129.4 141.0 153.5 
C3 80.3 89.7 98.9 108.6 119.0 129.9 141.5 154.0 
C4 80.6 90.1 99.3 109.1 119.6 130.6 142.2 154.7 
C5 81.1 90.7 100.0 109.9 120.3 131.5 143.2 155.8 
C6 81.7 91.3 100.7 110.7 121.3 132.5 144.3 157.3 
SH 82.0 90.6 100.0 109.8 120.3 131.4 143.2 156.0 

TABLE II 
ANNUAL LOL UNDER DIFFERENT CASES 

Case harmonics 
Annual LOL at different ratio factors 𝑘𝑘𝑛𝑛/h 

*𝑘𝑘1 = 0.99 𝑘𝑘2 = 1.1 𝑘𝑘3 = 1.2 𝑘𝑘4 = 1.3 𝑘𝑘5 = 1.4 𝑘𝑘6 = 1.5 𝑘𝑘7 = 1.6 𝑘𝑘8 = 1.7 

Worst 
NH 523.1 1986.6 6625.6 21990.4 72235.6 233948.2 745010.7 2328344.1 
SH 713.0 2404.6 8114.8 27194.8 90031.9 293380.2 938609.7 2942992.6 

Ideal  
NH 46.0 126.8 363.5 1070.0 3198.8 9640.8 29115.1 87690.5 
SH 53.6 150.7 439.5 1312.0 3970.0 12084.4 36786.8 111485.5 

 
 

 
 
Measured 

C1 9.6 23.0 53.6 130.6 328.3 844.1 2204.0 5811.0 
C2 9.8 23.5 55.0 134.1 337.6 869.2 2272.1 5996.0 
C3 10.1 24.4 57.3 140.2 353.8 912.8 2390.1 6316.5 
C4 10.6 25.7 60.7 149.1 377.6 977.1 2564.8 6791.9 
C5 11.2 27.5 65.3 161.3 410.4 1066.0 2806.7 7451.5 
C6 12.1 29.9 71.4 177.6 454.1 1184.6 3131.0 8337.7 
SH 11.7 26.3 62.5 154.8 394.7 1027.4 2712.1 7215.2 

*𝑘𝑘1 = 0.99 is the measured maximum load factor. 
*bold values indicate they exceed the nominal value, either 8760 h or 140 ℃.  
*NH denotes no harmonics.  
*SH denotes current harmonics with a THD of 4.75%, the spectrum is comprised of odd harmonics, from 3rd to 31st, 𝐼𝐼9 = 0.04𝐼𝐼1, 𝐼𝐼15 = 0.02𝐼𝐼1, 
𝐼𝐼21 = 0.015𝐼𝐼1, 𝐼𝐼31 = 0.006𝐼𝐼1, the magnitudes of the rest odd harmonic orders are 0. This complies with the current harmonic limit in IEEE 
Std 519-2014, 3 ≤ h < 11, 𝐼𝐼ℎ

𝐼𝐼1
= 4%;  11 ≤ h < 17, 𝐼𝐼ℎ

𝐼𝐼1
= 2%; 17≤ h < 23, 𝐼𝐼ℎ

𝐼𝐼1
= 1.5%; 23≤ h < 35, 𝐼𝐼ℎ

𝐼𝐼1
= 0.6%.  

*C1 to C6 refers to different current harmonic levels. The level of individual harmonic order that is originally measured (except the 
fundamental frequency) is multiplied by 1, 2, 3, 4, 5 and 6, the cases are labelled as C1, C2, C3, C4, C5 and C6, respectively. [1] 

B.  Maximum allowable ratio factor based on different thermal models 
In order to study the influence of thermal models on the maximum allowable ratio factor (at which all defined 

limits in section I are met), a similar investigation as shown in Table I and Table II is conducted, the maximum 
allowable ratio factor 𝑘𝑘𝑛𝑛 (from 1 to 1.7 with an increment of 0.1) is presented in Table III. As can be seen in Table 

TABLE I   Highest HST Throughout the Year under Different Cases
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Additionally, it is clear that when the HST 
is less than 140 °C, the temperature rise 
from current harmonics is insignificant (less 
than 2.5 °C), though this small increase 
in HST leads HST to exceeding the limit. 
This indicates that in most cases current 
harmonics would not be a limiting factor in 
affecting sizing inverter transformer if their 
level is within the standard limit 5%.

B. Maximum allowable ratio factor 
based on different thermal models
In order to study the influence of thermal 
models on the maximum allowable ratio 
factor (at which all defined limits in section 
I are met), a similar investigation as shown 
in Table I and Table II is conducted, the 
maximum allowable ratio factor kn (from 1 
to 1.7 with an increment of 0.1) is presented 
in Table III. As can be seen in Table III, in 
each case the HST is the limiting factor, as 

the maximum allowable ratio factors based 
on LOL are always equal to or higher than 
that based on HST. Most of the suggested 
maximum allowable ratio factors are the 
same except some small differences. For 
instance, in the ideal SH case, the value 
given by the IEEEH model is 1.3, which 
is the same as that from the MDTMH 
model, while that from the SusaH model is 
higher with a value of 1.4. Another similar 
difference can be seen in the worst NH and 
SN cases. These differences originate from 
the differences in the estimated HST from 
different models, especially when the HST 
is around the limit 140 °C. 

However, irrespective of the differences, 
these results confirm that there are still 
margins to increase the ratio factor, which 
will be 1.1, 1.3 and 1.5 (choose the smallest 
one based on these three thermal models) 
in the worst, ideal and measured cases, 

respectively. The results suggest that down-
sizing inverter transformers in solar farms 
are applicable from thermal point of view. 
The down-sized inverter transformers 
would be subjected to overloading and 
simultaneously maintain the lifetime not less 
than the designed lifetime. 

CONCLUSIONS
In this article, investigations are carried out 
on down-sizing inverter transformers in 
solar farms at the planning stage. Based 
on defined thermal limits, three cases, 
i.e., worst, ideal and measured cases are 
investigated by three thermal models. The 
results show that the HST is the limiting 
factor compared with TOT and LOL. It 
is also found that in most cases current 
harmonics would not be limiting factor in 
affecting sizing inverter transformer if their 
level is within the standard limit 5%. Last 
but not least, irrespective of differences in 
the estimated HST from different thermal 
models, the results confirm that there are 
still margins to increase the ratio factor, 
which will be 1.1, 1.3 and 1.5 in the worst, 
ideal and measured cases, respectively.
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calculated and illustrated in Table I and Table II, respectively (TOT is not a limiting factor because it always 
reaches its limit 110 ℃ after HST exceeds 140 ℃, thus, it is not shown here). 

As can be seen from Table I and Table II, HST is the limiting factor, because as the increase of ratio factor, 
HST exceeds the limit at either a smaller or the same ratio factor compared with LOL. For example, in the case 
of worst SH, the HST exceeds 140 ℃ at the ratio factor of 1.2, while the LOL exceeds 8760 h at a larger ratio 
factor of 1.3. Also, regardless of harmonics, the largest ratio factors that meet HST and LOL limits for the worst, 
ideal and measured cases decrease. This is because the inverter transformer has the heaviest load in the worst case 
and the lightest load in the measured case. Additionally, it is clear that when the HST is less than 140 ℃, the 
temperature rise from current harmonics is insignificant (less than 2.5 ℃), though this small increase in HST leads 
HST to exceeding the limit. This indicates that in most cases current harmonics would not be a limiting factor in 
affecting sizing inverter transformer if their level is within the standard limit 5%. 

TABLE I 
HIGHEST HST THROUGHOUT THE YEAR UNDER DIFFERENT CASES 

Case harmonics 
Highest HST at different ratio factors 𝑘𝑘𝑛𝑛/℃ 

*𝑘𝑘1 = 0.99 𝑘𝑘2 = 1.1 𝑘𝑘3 = 1.2 𝑘𝑘4 = 1.3 𝑘𝑘5 = 1.4 𝑘𝑘6 = 1.5 𝑘𝑘7 = 1.6 𝑘𝑘8 = 1.7 

Worst 
NH 112.9 126.5 139.5 153.3 167.8 183.1 199.2 216.2 
SH 116.0 128.5 141.7 155.7 170.5 186.0 202.5 219.7 

Ideal  
NH 94.0 104.1 115.0 126.7 139.1 152.4 166.5 181.4 
SH 95.4 150.7 117.0 128.9 141.6 155.1 169.5 184.7 

 
 

 
 
Measured 

C1 79.9 89.2 98.3 108.0 118.3 129.2 140.7 153.2 
C2 80.0 89.4 98.5 108.2 118.5 129.4 141.0 153.5 
C3 80.3 89.7 98.9 108.6 119.0 129.9 141.5 154.0 
C4 80.6 90.1 99.3 109.1 119.6 130.6 142.2 154.7 
C5 81.1 90.7 100.0 109.9 120.3 131.5 143.2 155.8 
C6 81.7 91.3 100.7 110.7 121.3 132.5 144.3 157.3 
SH 82.0 90.6 100.0 109.8 120.3 131.4 143.2 156.0 

TABLE II 
ANNUAL LOL UNDER DIFFERENT CASES 

Case harmonics 
Annual LOL at different ratio factors 𝑘𝑘𝑛𝑛/h 

*𝑘𝑘1 = 0.99 𝑘𝑘2 = 1.1 𝑘𝑘3 = 1.2 𝑘𝑘4 = 1.3 𝑘𝑘5 = 1.4 𝑘𝑘6 = 1.5 𝑘𝑘7 = 1.6 𝑘𝑘8 = 1.7 

Worst 
NH 523.1 1986.6 6625.6 21990.4 72235.6 233948.2 745010.7 2328344.1 
SH 713.0 2404.6 8114.8 27194.8 90031.9 293380.2 938609.7 2942992.6 

Ideal  
NH 46.0 126.8 363.5 1070.0 3198.8 9640.8 29115.1 87690.5 
SH 53.6 150.7 439.5 1312.0 3970.0 12084.4 36786.8 111485.5 

 
 

 
 
Measured 

C1 9.6 23.0 53.6 130.6 328.3 844.1 2204.0 5811.0 
C2 9.8 23.5 55.0 134.1 337.6 869.2 2272.1 5996.0 
C3 10.1 24.4 57.3 140.2 353.8 912.8 2390.1 6316.5 
C4 10.6 25.7 60.7 149.1 377.6 977.1 2564.8 6791.9 
C5 11.2 27.5 65.3 161.3 410.4 1066.0 2806.7 7451.5 
C6 12.1 29.9 71.4 177.6 454.1 1184.6 3131.0 8337.7 
SH 11.7 26.3 62.5 154.8 394.7 1027.4 2712.1 7215.2 

*𝑘𝑘1 = 0.99 is the measured maximum load factor. 
*bold values indicate they exceed the nominal value, either 8760 h or 140 ℃.  
*NH denotes no harmonics.  
*SH denotes current harmonics with a THD of 4.75%, the spectrum is comprised of odd harmonics, from 3rd to 31st, 𝐼𝐼9 = 0.04𝐼𝐼1, 𝐼𝐼15 = 0.02𝐼𝐼1, 
𝐼𝐼21 = 0.015𝐼𝐼1, 𝐼𝐼31 = 0.006𝐼𝐼1, the magnitudes of the rest odd harmonic orders are 0. This complies with the current harmonic limit in IEEE 
Std 519-2014, 3 ≤ h < 11, 𝐼𝐼ℎ

𝐼𝐼1
= 4%;  11 ≤ h < 17, 𝐼𝐼ℎ

𝐼𝐼1
= 2%; 17≤ h < 23, 𝐼𝐼ℎ

𝐼𝐼1
= 1.5%; 23≤ h < 35, 𝐼𝐼ℎ

𝐼𝐼1
= 0.6%.  

*C1 to C6 refers to different current harmonic levels. The level of individual harmonic order that is originally measured (except the 
fundamental frequency) is multiplied by 1, 2, 3, 4, 5 and 6, the cases are labelled as C1, C2, C3, C4, C5 and C6, respectively. [1] 

B.  Maximum allowable ratio factor based on different thermal models 
In order to study the influence of thermal models on the maximum allowable ratio factor (at which all defined 

limits in section I are met), a similar investigation as shown in Table I and Table II is conducted, the maximum 
allowable ratio factor 𝑘𝑘𝑛𝑛 (from 1 to 1.7 with an increment of 0.1) is presented in Table III. As can be seen in Table 

TABLE II   Annual LOL under Different Cases

calculated and illustrated in Table I and Table II, respectively (TOT is not a limiting factor because it always 
reaches its limit 110 ℃ after HST exceeds 140 ℃, thus, it is not shown here). 

As can be seen from Table I and Table II, HST is the limiting factor, because as the increase of ratio factor, 
HST exceeds the limit at either a smaller or the same ratio factor compared with LOL. For example, in the case 
of worst SH, the HST exceeds 140 ℃ at the ratio factor of 1.2, while the LOL exceeds 8760 h at a larger ratio 
factor of 1.3. Also, regardless of harmonics, the largest ratio factors that meet HST and LOL limits for the worst, 
ideal and measured cases decrease. This is because the inverter transformer has the heaviest load in the worst case 
and the lightest load in the measured case. Additionally, it is clear that when the HST is less than 140 ℃, the 
temperature rise from current harmonics is insignificant (less than 2.5 ℃), though this small increase in HST leads 
HST to exceeding the limit. This indicates that in most cases current harmonics would not be a limiting factor in 
affecting sizing inverter transformer if their level is within the standard limit 5%. 

TABLE I 
HIGHEST HST THROUGHOUT THE YEAR UNDER DIFFERENT CASES 

Case harmonics 
Highest HST at different ratio factors 𝑘𝑘𝑛𝑛/℃ 

*𝑘𝑘1 = 0.99 𝑘𝑘2 = 1.1 𝑘𝑘3 = 1.2 𝑘𝑘4 = 1.3 𝑘𝑘5 = 1.4 𝑘𝑘6 = 1.5 𝑘𝑘7 = 1.6 𝑘𝑘8 = 1.7 

Worst 
NH 112.9 126.5 139.5 153.3 167.8 183.1 199.2 216.2 
SH 116.0 128.5 141.7 155.7 170.5 186.0 202.5 219.7 

Ideal  
NH 94.0 104.1 115.0 126.7 139.1 152.4 166.5 181.4 
SH 95.4 150.7 117.0 128.9 141.6 155.1 169.5 184.7 

 
 

 
 
Measured 

C1 79.9 89.2 98.3 108.0 118.3 129.2 140.7 153.2 
C2 80.0 89.4 98.5 108.2 118.5 129.4 141.0 153.5 
C3 80.3 89.7 98.9 108.6 119.0 129.9 141.5 154.0 
C4 80.6 90.1 99.3 109.1 119.6 130.6 142.2 154.7 
C5 81.1 90.7 100.0 109.9 120.3 131.5 143.2 155.8 
C6 81.7 91.3 100.7 110.7 121.3 132.5 144.3 157.3 
SH 82.0 90.6 100.0 109.8 120.3 131.4 143.2 156.0 

TABLE II 
ANNUAL LOL UNDER DIFFERENT CASES 

Case harmonics 
Annual LOL at different ratio factors 𝑘𝑘𝑛𝑛/h 

*𝑘𝑘1 = 0.99 𝑘𝑘2 = 1.1 𝑘𝑘3 = 1.2 𝑘𝑘4 = 1.3 𝑘𝑘5 = 1.4 𝑘𝑘6 = 1.5 𝑘𝑘7 = 1.6 𝑘𝑘8 = 1.7 

Worst 
NH 523.1 1986.6 6625.6 21990.4 72235.6 233948.2 745010.7 2328344.1 
SH 713.0 2404.6 8114.8 27194.8 90031.9 293380.2 938609.7 2942992.6 

Ideal  
NH 46.0 126.8 363.5 1070.0 3198.8 9640.8 29115.1 87690.5 
SH 53.6 150.7 439.5 1312.0 3970.0 12084.4 36786.8 111485.5 

 
 

 
 
Measured 

C1 9.6 23.0 53.6 130.6 328.3 844.1 2204.0 5811.0 
C2 9.8 23.5 55.0 134.1 337.6 869.2 2272.1 5996.0 
C3 10.1 24.4 57.3 140.2 353.8 912.8 2390.1 6316.5 
C4 10.6 25.7 60.7 149.1 377.6 977.1 2564.8 6791.9 
C5 11.2 27.5 65.3 161.3 410.4 1066.0 2806.7 7451.5 
C6 12.1 29.9 71.4 177.6 454.1 1184.6 3131.0 8337.7 
SH 11.7 26.3 62.5 154.8 394.7 1027.4 2712.1 7215.2 

*𝑘𝑘1 = 0.99 is the measured maximum load factor. 
*bold values indicate they exceed the nominal value, either 8760 h or 140 ℃.  
*NH denotes no harmonics.  
*SH denotes current harmonics with a THD of 4.75%, the spectrum is comprised of odd harmonics, from 3rd to 31st, 𝐼𝐼9 = 0.04𝐼𝐼1, 𝐼𝐼15 = 0.02𝐼𝐼1, 
𝐼𝐼21 = 0.015𝐼𝐼1, 𝐼𝐼31 = 0.006𝐼𝐼1, the magnitudes of the rest odd harmonic orders are 0. This complies with the current harmonic limit in IEEE 
Std 519-2014, 3 ≤ h < 11, 𝐼𝐼ℎ

𝐼𝐼1
= 4%;  11 ≤ h < 17, 𝐼𝐼ℎ

𝐼𝐼1
= 2%; 17≤ h < 23, 𝐼𝐼ℎ

𝐼𝐼1
= 1.5%; 23≤ h < 35, 𝐼𝐼ℎ

𝐼𝐼1
= 0.6%.  

*C1 to C6 refers to different current harmonic levels. The level of individual harmonic order that is originally measured (except the 
fundamental frequency) is multiplied by 1, 2, 3, 4, 5 and 6, the cases are labelled as C1, C2, C3, C4, C5 and C6, respectively. [1] 

B.  Maximum allowable ratio factor based on different thermal models 
In order to study the influence of thermal models on the maximum allowable ratio factor (at which all defined 

limits in section I are met), a similar investigation as shown in Table I and Table II is conducted, the maximum 
allowable ratio factor 𝑘𝑘𝑛𝑛 (from 1 to 1.7 with an increment of 0.1) is presented in Table III. As can be seen in Table 

TABLE III   The Maximum Allowable Ratio Factor under Different Cases

III, in each case the HST is the limiting factor, as the maximum allowable ratio factors based on LOL are always 
equal to or higher than that based on HST. Most of the suggested maximum allowable ratio factors are the same 
except some small differences. For instance, in the ideal SH case, the value given by the IEEEH model is 1.3, 
which is the same as that from the MDTMH model, while that from the SusaH model is higher with a value of 
1.4. Another similar difference can be seen in the worst NH and SN cases. These differences originate from the 
differences in the estimated HST from different models, especially when the HST is around the limit 140 ℃.  

However, irrespective of the differences, these results confirm that there are still margins to increase the ratio 
factor, which will be 1.1, 1.3 and 1.5 (choose the smallest one based on these three thermal models) in the worst, 
ideal and measured cases, respectively. The results suggest that down-sizing inverter transformers in solar farms 
are applicable from thermal point of view. The down-sized inverter transformers would be subjected to 
overloading and simultaneously maintain the lifetime not less than the designed lifetime.  

TABLE III 
THE MAXIMUM ALLOWABLE RATIO FACTOR UNDER DIFFERENT CASES 

 
Scenario 

 
 

 
Harmonics 

 

*Maximum allowable ratio factor 𝑘𝑘𝑛𝑛 
IEEEH model SusaH model MDTMH model 

LOL HST LOL HST LOL HST 

Worst 
NH 1.2 1.1 1.2 1.2 1.2 1..2 
SH 1.2 1.1 1.2 1.2 1.2 1.1 

Ideal  
NH 1.5 1.3 1.5 1.4 1.4 1.4 
SH 1.5 1.3 1.4 1.4 1.4 1.3 

 
 

 
 
Measured 

C1 - 1.6 - 1.6 - 1.5 
C2 - 1.6 - 1.6 - 1.5 
C3 - 1.5 - 1.6 - 1.5 
C4 - 1.5 - 1.6 - 1.5 
C5 - 1.5 - 1.6 - 1.5 
C6 - 1.5 - 1.5 - 1.5 
SH - 1.5 - 1.6 - 1.5 

* the maximum allowable ratio factor 𝑘𝑘𝑛𝑛 is selected from 𝑘𝑘1 to 𝑘𝑘8.  
- denotes the value does not exceed the nominal value 

IV.  CONCLUSIONS 
In this article, investigations are carried out on down-sizing inverter transformers in solar farms at the planning 

stage. Based on defined thermal limits, three cases, i.e., worst, ideal and measured cases are investigated by three 
thermal models. The results show that the HST is the limiting factor compared with TOT and LOL. It is also found 
that in most cases current harmonics would not be limiting factor in affecting sizing inverter transformer if their 
level is within the standard limit 5%. Last but not least, irrespective of differences in the estimated HST from 
different thermal models, the results confirm that there are still margins to increase the ratio factor, which will be 
1.1, 1.3 and 1.5 in the worst, ideal and measured cases, respectively. 
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III, in each case the HST is the limiting factor, as the maximum allowable ratio factors based on LOL are always 
equal to or higher than that based on HST. Most of the suggested maximum allowable ratio factors are the same 
except some small differences. For instance, in the ideal SH case, the value given by the IEEEH model is 1.3, 
which is the same as that from the MDTMH model, while that from the SusaH model is higher with a value of 
1.4. Another similar difference can be seen in the worst NH and SN cases. These differences originate from the 
differences in the estimated HST from different models, especially when the HST is around the limit 140 ℃.  

However, irrespective of the differences, these results confirm that there are still margins to increase the ratio 
factor, which will be 1.1, 1.3 and 1.5 (choose the smallest one based on these three thermal models) in the worst, 
ideal and measured cases, respectively. The results suggest that down-sizing inverter transformers in solar farms 
are applicable from thermal point of view. The down-sized inverter transformers would be subjected to 
overloading and simultaneously maintain the lifetime not less than the designed lifetime.  

TABLE III 
THE MAXIMUM ALLOWABLE RATIO FACTOR UNDER DIFFERENT CASES 
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*Maximum allowable ratio factor 𝑘𝑘𝑛𝑛 
IEEEH model SusaH model MDTMH model 

LOL HST LOL HST LOL HST 

Worst 
NH 1.2 1.1 1.2 1.2 1.2 1..2 
SH 1.2 1.1 1.2 1.2 1.2 1.1 

Ideal  
NH 1.5 1.3 1.5 1.4 1.4 1.4 
SH 1.5 1.3 1.4 1.4 1.4 1.3 

 
 

 
 
Measured 

C1 - 1.6 - 1.6 - 1.5 
C2 - 1.6 - 1.6 - 1.5 
C3 - 1.5 - 1.6 - 1.5 
C4 - 1.5 - 1.6 - 1.5 
C5 - 1.5 - 1.6 - 1.5 
C6 - 1.5 - 1.5 - 1.5 
SH - 1.5 - 1.6 - 1.5 

* the maximum allowable ratio factor 𝑘𝑘𝑛𝑛 is selected from 𝑘𝑘1 to 𝑘𝑘8.  
- denotes the value does not exceed the nominal value 

IV.  CONCLUSIONS 
In this article, investigations are carried out on down-sizing inverter transformers in solar farms at the planning 

stage. Based on defined thermal limits, three cases, i.e., worst, ideal and measured cases are investigated by three 
thermal models. The results show that the HST is the limiting factor compared with TOT and LOL. It is also found 
that in most cases current harmonics would not be limiting factor in affecting sizing inverter transformer if their 
level is within the standard limit 5%. Last but not least, irrespective of differences in the estimated HST from 
different thermal models, the results confirm that there are still margins to increase the ratio factor, which will be 
1.1, 1.3 and 1.5 in the worst, ideal and measured cases, respectively. 
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