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  ൌ ሾ𝐼௢௖௖_௦௔௧𝑍௢௖௣_௦௔௧ሿ∠ሺ𝜃௢௖௣_௦௔௧ െ
𝜃௢௖௖_௦௔௧ሻ; 𝜃௩௠_௦௔௧ ൌ ሺ𝜃௢௖௣_௦௔௧ െ 𝜃௢௖௖_௦௔௧ሻ; 

ൌ
ሾூ೚೎೎_ೞೌ೟

௒೚೎೛_ೞೌ೟ሿ
∠𝜃௩௠_௦௔௧ ൌ  𝑉௠_௦௔௧∠𝜃௩௠_௦௔௧   (35) 

Since the load impedance, ZL1∠θL1, remains the 
same irrespective of the saturation or otherwise of 
the transformer, the system input impedance shall 
reflect this fact when  computed as follows. 
𝑍௜௡_௦௔௧ ൌ 𝑍௦ଵ_௦௔௧ ൅ 𝑍௢௖௣_௦௔௧//ሺ𝑍௦ଶଵ_௦௔௧ ൅ 𝑍௅ଵሻ
    (36a) 
Let 

𝑍௦௅ଵ_௦௔௧ ൌ 𝑍௦ଶଵ_௦௔௧ ൅ 𝑍௅ଵ
ൌ 𝑍௦ଶଵ_௦௔௧∠𝜃௦ଶଵ_௦௔௧ ൅ 𝑍௅ଵ∠𝜃௅ଵ 

 ൌ ൫𝑍௦ଶଵ_௦௔௧𝑐𝑜𝑠𝜙௦ଶଵ_௦௔௧ ൅
𝑍௅ଵ𝑐𝑜𝑠𝜃௅ଵ൯ 
  
 +𝑗൫𝑍௦ଶଵ_௦௔௧𝑠𝑖𝑛𝜙௦ଶଵ_௦௔௧ ൅
𝑍௅ଵ𝑠𝑖𝑛𝜃௅ଵ൯     
Let   𝑍௦௅ଵ_௦௔௧_௔௖ ൌ ൫𝑍௦ଶଵ_௦௔௧𝑐𝑜𝑠𝜙௦ଶଵ_௦௔௧ ൅
𝑍௅ଵ𝑐𝑜𝑠𝜃௅ଵ൯  [active part of ZsL1_sat]    
and   𝑍௦௅ଵ_௦௔௧_௥௘ ൌ ൫𝑍௦ଶଵ_௦௔௧𝑠𝑖𝑛𝜙௦ଶଵ_௦௔௧ ൅
𝑍௅ଵ𝑠𝑖𝑛𝜃௅ଵ൯  [reactive part]   
so that we have 

𝑍௦௅ଵ_௦௔௧ ൌ

ቄሾ൫𝑍௦௅ଵ_௦௔௧_௔௖൯
ଶ

൅

൫𝑍௦௅ଵ_௦௔௧_௥௘൯
ଶ

ሿ½ቅ ∠ሺ𝜃௦௅ଵ_௦௔௧ሻ ൌ 𝑍௦௅ଵ_௦௔௧∠𝜃௦௅ଵ_௦௔௧ 

 (38b) 

𝜃௦௅ଵ_௦௔௧ ൌ 𝑡𝑎𝑛ିଵ ሾ௓ೞಽభ_ೞೌ೟_ೝ೐

௓ೞಽభ_ೞೌ೟_ೌ೎
ሿ    [phase angle of 

ZsL1_sat ] (38c) 
Let 𝑍௣௅ଵ_௦௔௧ ൌ 𝑍௢௖௣_௦௔௧ ൅ 𝑍௦௅ଵ_௦௔௧ ൌ
𝑍௢௖௣_௦௔௧∠𝜃௢௖௣_௦௔௧ ൅ 𝑍௦௅ଵ_௦௔௧∠𝜃௦௅ଵ_௦௔௧ (39a) 

ൌ ൫𝑍௢௖௣_௦௔௧𝑐𝑜𝑠𝜙௢௖௣_௦௔௧ ൅ 𝑍௦௅ଵ_௦௔௧𝑐𝑜𝑠𝜃௦௅ଵ_௦௔௧൯ 
+ 𝑗൫𝑍௢௖௣_௦௔௧𝑠𝑖𝑛𝜙௢௖௣_௦௔௧ ൅
𝑍௦௅ଵ_௦௔௧𝑠𝑖𝑛𝜃௦௅ଵ_௦௔௧൯ 

Let   𝑍௣௅ଵ_௦௔௧_௔௖ ൌ ൫𝑍௢௖௣_௦௔௧𝑐𝑜𝑠𝜙௢௖௣_௦௔௧ ൅
𝑍௦௅ଵ_௦௔௧𝑐𝑜𝑠𝜃௦௅ଵ_௦௔௧൯  [active part of ZpL1_sat]    
and   𝑍௣௅ଵ_௦௔௧_௥௘ ൌ ൫𝑍௢௖௣_௦௔௧𝑠𝑖𝑛𝜙௢௖௣_௦௔௧ ൅
𝑍௦௅ଵ_௦௔௧𝑠𝑖𝑛𝜃௦௅ଵ_௦௔௧൯  [reactive part]   
so that we have 
𝑍௣௅ଵ_௦௔௧ ൌ

ቄሾ൫𝑍௣௅ଵ_௦௔௧_௔௖൯
ଶ

൅

൫𝑍௣௅ଵ_௦௔௧_௥௘൯
ଶ

ሿ½ቅ ∠ሺ𝜃௣௅ଵ_௦௔௧ሻ ൌ

𝑍௣௅ଵ_௦௔௧∠𝜃௣௅ଵ_௦௔௧  (39b) 

𝜃௣௅ଵ_௦௔௧ ൌ 𝑡𝑎𝑛ିଵ ሾ௓೛ಽభ_ೞೌ೟_ೝ೐

௓೛ಽభ_ೞೌ೟_ೌ೎
ሿ    [phase angle of 

ZpL1_sat ]  

𝑍௦௣௅_௦௔௧ ൌ 𝑍௢௖௣_௦௔௧//𝑍௦௅ଵ_௦௔௧ ൌ
൫௓೚೎೛_ೞೌ೟∗௓ೞಽభ_ೞೌ೟൯

௓೛ಽభ_ೞೌ೟

     (40a) 

 ൌ ൤
൫௓೚೎೛_ೞೌ೟∗௓ೞಽభ_ೞೌ೟൯

௓೛ಽభ_ೞೌ೟
൨ ∠ሺ𝜃௢௖௣_௦௔௧ ൅ 𝜃௦௅ଵ_௦௔௧ െ

𝜃௣௅ଵ_௦௔௧ሻ 
  ൌ 𝑍௦௣௅_௦௔௧∠𝜃௦௣௅_௦௔௧;    𝜃௦௣௅_௦௔௧ ൌ ሺ𝜃௢௖௣_௦௔௧ ൅
𝜃௦௅ଵ_௦௔௧ െ 𝜃௣௅ଵ_௦௔௧ሻ   (40b) 
 𝑍௜௡_௦௔௧ ൌ 𝑍௦ଵ_௦௔௧ ൅ 𝑍௦௣௅_௦௔௧ ൌ 𝑍௦ଵ_௦௔௧∠𝜃௦ଵ_௦௔௧ ൅
𝑍௦௣௅_௦௔௧∠𝜃௦௣௅_௦௔௧  (41a) 

ൌ ൫𝑍௦ଵ_௦௔௧𝑐𝑜𝑠𝜙௦ଵ_௦௔௧ ൅ 𝑍௦௣௅_௦௔௧𝑐𝑜𝑠𝜃௦௣௅_௦௔௧൯ 
+ 𝑗൫𝑍௦ଵ_௦௔௧𝑠𝑖𝑛𝜙௦ଵ_௦௔௧ ൅ 𝑍௦௣௅_௦௔௧𝑠𝑖𝑛𝜃௦௣௅_௦௔௧൯ 
Let   𝑍௜௡_௦௔௧_௔௖ ൌ ൫𝑍௦ଵ_௦௔௧𝑐𝑜𝑠𝜙௦ଵ_௦௔௧ ൅
𝑍௦௣௅_௦௔௧𝑐𝑜𝑠𝜃௦௣௅_௦௔௧൯  [active part of Zin_sat]    
and   𝑍௜௡_௦௔௧_௥௘ ൌ ൫𝑍௦ଵ_௦௔௧𝑠𝑖𝑛𝜙௦ଵ_௦௔௧ ൅
𝑍௦௣௅_௦௔௧𝑠𝑖𝑛𝜃௦௣௅_௦௔௧൯  [reactive part]   
so that we have 
𝑍௜௡_௦௔௧ ൌ

ቄሾ൫𝑍௜௡_௦௔௧_௔௖൯
ଶ

൅ ൫𝑍௜௡_௦௔௧_௥௘൯
ଶ

ሿ½ቅ ∠ሺ𝜃௜௡_௦௔௧ሻ ൌ

𝑍௜௡_௦௔௧∠𝜃௜௡_௦௔௧ (41b) 

𝜃௜௡_௦௔௧ ൌ 𝜃ଵ_௦௔௧ ൌ 𝑡𝑎𝑛ିଵ ሾ௓೔೙_ೞೌ೟_ೝ೐

௓೔೙_ೞೌ೟_ೌ೎
ሿ    [phase 

angle of Zin_sat ] (41c) 
And being that saturation is surveyed relative to 
the primary terminal voltage, V1, we shall have 
the input current as  

𝐼ଵ_௦௔௧ ൌ ௏భ

௓೔೙ୀ

ሺ௏భ∠଴ሻ

ሺ௓೔೙_ೞೌ೟∠ఏభ_ೞೌ೟ሻ
ൌ ሺ௏భ

௓೔೙_ೞೌ೟ሻ∠ሺିఏభ_ೞೌ೟ሻ
ൌ  

𝐼ଵ_௦௔௧∠ሺെ𝜃ଵ_௦௔௧ሻ    (42) 
Input or primary side power factor under 
saturation becomes 
𝑝𝑓ଵ_௦௔௧ ൌ ൫𝑐𝑜𝑠𝜙ଵ_௦௔௧൯   (43) 
The load current is then given as 
𝐼ଶଵ_௦௔௧ ൌ 𝐼ଵ_௦௔௧ െ 𝐼௢௖௖_௦௔௧ ൌ 𝐼ଵ_௦௔௧∠ሺെ𝜃ଵ_௦௔௧ሻ െ
𝐼௢௖௖_௦௔௧∠ሺെ𝜃௢௖௖_௦௔௧ሻ   (44a)ൌ
ሺ𝐼ଵ_௦௔௧𝑐𝑜𝑠𝜃ଵ_௦௔௧ െ 𝐼௢௖௖_௦௔௧𝑐𝑜𝑠𝜃௢௖௖_௦௔௧ሻ 
െ 𝑗ሺ𝐼ଵ_௦௔௧𝑠𝑖𝑛𝜃ଵ_௦௔௧ െ 𝐼௢௖௖_௦௔௧𝑠𝑖𝑛𝜃௢௖௖_௦௔௧ሻ 
Let 
   𝐼ଶଵ_௦௔௧_௔௖ ൌ
ሺ𝐼ଵ_௦௔௧𝑐𝑜𝑠𝜃ଵ_௦௔௧ െ 𝐼௢௖௖_௦௔௧𝑐𝑜𝑠𝜃௢௖௖_௦௔௧ሻ  [active 
I21_sat] 

and     
 𝐼ଶଵ_௦௔௧_௥௘ ൌ
 ሺ𝐼ଵ_௦௔௧𝑠𝑖𝑛𝜃ଵ_௦௔௧ െ 𝐼௢௖௖_௦௔௧𝑠𝑖𝑛𝜃௢௖௖_௦௔௧ሻ  [reactive 
part] 
So that we can write        
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Load_Power_Factor_Angle_in_Deg =   
22.9095 
Output_Voltage_on_Full_Load_in_Volts =   
43.6081 
Voltage_Regulation_in_Percentage =    
9.3841 
Total_NoLoad_Losses_in_Watts =   38.5456 
Total_Load_or_Copper_Losses_in_Watts =  
239.7492 
Efficiency_on_Full_Load_in_Percentage =   
89.5680 
Maximum_Efficiency_in_Percentage =   
96.8745 
Apparent_Power_Delivered_in_VA =  
2.5940e+003 
Active_Load_Power_Delivered_in_W =  
2.3894e+003 
Load_for_Maximum_Efficiency_in_VA =        
1040 
Impedance_Voltage_Percentage_Rating =    
9.1497 
Displacement_Angle_in_Degrees =    
1.7322 
Load_System_Impedance_in_Ohms =    
0.7158 
Load_Impedance_Angle_in_Deg =   24.6417 
DONE 
4.0  DISCUSSION, CONCLUSION & 
RECOMMENDATION 
     4.1  DISCUSSION 
A tabular approach as often adopted by this 
authors in respect of the discussion of the 
performance of electrical apparatus is used here 
for the refurbished inverter transformer 
performance detailing as presented in Tables 4(a) 
and 4(b) that follow. 
Table 4(a): Performance Analysis of the 
Transformer without Saturation  
 

S/N 
PARAMETER & 

OTHER 
DESCRIPTIONS 

VALUE VALUE 
REMARK

OBTAINED EXPECTED 

  
Magnetic System 

Performance  
      

1 No-Load Current, Io 
4.096A  

3‒10%Irated as 
in [16]  Good 

( 6.55%Irated) p.415; [3] p.37 

2 
No-Load or Fixed 
Losses (total), Pir 

33.9W 
(1.13%kVA) 

0.5‒1.0%kVA 
for small 

transformer, as 
in [17] p.134 

Fair 

  
Electric System 

Performance 
      

3 
Input power factor, 

pf1 
0.90p.u. 

0.90p.u. by 
proper design 

selection 
Good 

4 
Load or Copper 

Losses (total), Pco 

157.18W 1‒1.5%kVA 
for small 

transformer, as 
in [17] p.134 

Poor 
(5.26%kVA) 

5 
Regulation under 

load, Vreg 
10.35% 

About 4%  on 
average as in 

[5] p.26 
Poor 

6 
Impedance Voltage, 

Vz% 
8.69%Vrated 

5‒10%Vrated as 
in [3] p.39; 5‒
17%Vrated as in 

[16] p.416 

Good 

  
Power Transfer 

Performance 
Proper 

      

7 
Output power factor, 

pf21 
0.9227p.u. ≥0.90 Good 

8 
Real Power 

Delivery 

2395.5W ≥2760W (for 
0.92 output 

power factor) 
i.e. 92%kVA 

Good 
(79.83%kVA) 

9 Efficiency (nominal)
89.74% 96‒99%  

Fair 
on full load as in [3] p. 48

10 
Displacement or 

Transmission Angle
1.965o 

2.8 – 20o as 
typical  with 
transmission 

lines [19], [20]

Good 

  
   Table 4(b): Performance Analysis of the 
Transformer under Saturation  

S/N 
PARAMETER & 

OTHER 
DESCRIPTIONS

VALUE 
VALUE 

WITHOUT REMARK 
OBTAINED SATURATION

  
Magnetic System 

Performance  
      

1 
No-Load Current,

Io 
12.091A  4.096A  Very high 

increase in Io( 19.35%Irated) ( 6.55%Irated) 

2 
No-Load or Fixed 
Losses (total), Pir 

or Pocc 

38.55W 
(1.29%kVA) 

33.9W  Small 
increase in 
Pir or Pocc 

(1.13%kVA) 

A 
Magnetic 

Saturation Factor 
or Level 

3.0p.u. Not Applicable

Low sat. (1.0 
– 1.11 p.u.) 

Moderate sat. 
(1.11 – 2.0 

p.u.) 
High sat. (2.0 

– 5.0 p.u.) 
Extreme sat.  

> 5.0 p.u. [18] 

  
Electric System 

Performance 
      

3 
Input power 
factor, pf1 

0.8466p.u. 0.90p.u. 
Considerable 
decrease in 

pf1 

4 
Copper Losses 

(total), Pco 

239.75W 157.18W Considerable 
increase in 

Pco 
(7.99%kVA) (5.26%kVA) 

5 
Regulation under 

load, Vreg 
9.38% 10.35% 

Small 
decrease in 

Vreg 

6 
Impedance 

Voltage, Vz% 
9.15%Vrated 8.69%Vrated 

Small 
increase in 

Vz% 

  
Power Transfer 

Performance 
Proper 

      

7 
Output power 
factor, pf21 

0.9211p.u. 0.9227p.u. Virtually the 
same 

8 
Real Power 

Delivery, Pout 

2389.4W 2395.5W Small 
decrease in 

Pout 
(79.65%kVA) (79.83%kVA) 

9 
Efficiency 

(nominal), eff. 

89.57% 89.74% Small 
decrease in 

eff. on full load on full load 

10 
Transmission 

Angle, δ  
1.732o 1.965o 

Small 
decrease in δ

 
From the OCC, it is clear that the transformer 

begins to get saturated around 150V. At the      rated 
voltage of 230V (on the secondary) the apparatus is seen to 
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operate at a saturation level of 3.0 p.u., (which is a fairly 
high level). Significantly, under saturation the transformer 
experiences impoverishment of its input power factor, 
resulting in a higher reactive power demand for virtually 
the same active power delivery. A higher input current thus 
comes into play, being fueled mostly by the 295% increase 
in the no-load current (for a 3.0 p.u. level of saturation). 
Load losses increase by 52.53%, and the no-load losses 
increase by 13.71%. However, there is a small 
improvement in voltage regulation occasioned by the small 
improvement in the output voltage due to saturation, whilst 
the output real power, efficiency, and output power factor 
remain virtually the same. 
    
4.2 CONCLUSION & RECOMMENDATION  
 Comparing the values of the transformer 
exciting current, power losses, active power 
delivery, voltage regulation and efficiency 
obtained from this survey (as key performance 
parameters) with standard performance values as 
sourced from standard text, it is clear that the 
performance of the refurbished inverter 
transformer is fairly good. It is equally conclusive 
that saturation (if not on the extreme side) does 
favour the performance of a transformer in many 
ways, including higher output voltage, lower 
voltage regulation, higher VA capability at 
maximum efficiency and lower transmission 
angle (the latter which makes for higher stability 
in the transfer of active power).  
 The evaluation exercise was made a lot 
easier, quicker and surer by means of the 
computer software application approach which 
was adopted and pursued. It is therefore 
recommendable to transformer repair workshops 
for easy determination of transformer 
performance status both for industrial, 
commercial and educational applications.  
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