Design Procedures for a Single-Phase Power Transformer (ECE3031)

1. Identify Technical Specifications of the Transformer
Input voltage V1







           [120V]
Output voltage V2 







 
[???V]
Rated output apparent power S (VA) (S=V2*I2)



           [???VA]
Rated frequency (Hz)








[60Hz]
Rectifier circuit topology (bridge, half-bridge, and full-wave center tap)

Number of phases (single-phase or three-phase)



          [1 phase]
Output current I2 (S=V2*I2)           





             [???A]

2. Conduct Basic Steps of Calculations
Step 1: Core size estimation 
1) Select current density J (2.5 - 4 A/mm2). 
2) Select voltage regulation
[image: image127.emf] (5% - 20%).
3) Select no-load magnetic flux density
[image: image2.wmf]0

B

 (T) at the “knee” point of the B-H curve in Figure 1 (The magnetic core material for our transformer is silicon steel DW315).
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Figure 1. Magnetization curve (B-H curve) of DW315
4) Calculate the full-load flux density BL (
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is fractional):
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5) Calculate cross-sectional area of the magnetic core
[image: image6.wmf]c
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using following equation (need to re-arrange the equation to get 
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where  S: transformer rated apparent power (VA);
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: grid nominal frequency (Hz);

            J: current density (
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: loaded (or full-load) flux density (T);
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: net area of all winding conductors in the core window (
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: window utilization factor (or copper fill factor), between 0.22~0.54;
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: gross window area of the core (read from Table 2, or measure the laminations used in the transformer design) (
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).
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: cross-sectional area of the magnetic core (central leg) (
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). 
From above equation, we can calculate
[image: image20.wmf]c
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. We can also calculate the number of laminations needed (as the laminations have a thickness of 0.5mm each).
            Step 2:  Calculation of number of turns of the windings
1) Turns per volt on the primary side 
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where 
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: no-load magnetic flux density (T).
 Turns per volt on the secondary side 
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[image: image25.wmf]2

21

%

/(1)

2

V

TVTV

D

=-

.
2) Number of turns of the primary winding: 
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3) Number of turns of the secondary winding: 
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where 
[image: image28.wmf]1

V

 is the transformer input voltage (i.e. the high voltage side), and 
[image: image29.wmf]2

V

is the transformer output voltage (i.e. the low voltage side).
Note:  The conductors of the primary and the secondary windings including the insulation layers of a single-phase power transformer are shown Figure 2. There should be one layer of insulation tape between layers of the same winding, and three layers of insulation tape between the primary and secondary windings.
Step 3: Calculation of no-load current 
1) No-load core loss current: 
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where, 
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s

P

: no-load core losses per kg (W/kg), read from Figure 3 using B0 from Step 1;
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: total core weight (kg) (see Appendix 1).
2) No-load magnetizing current: 
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where,  
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H

: no-load magnetic field intensity(A/cm), from B-H curve in Figure 1;
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 : average length of the magnetic path (cm) (look up Table 2 of core                   parameters);
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: number of turns of the primary winding.
3)   No-load current 
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The dimensions of the magnetic core laminations are given in Appendix 1.
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Figure 3. DW315 core losses (W per kg) v.s. flux density B (T)
Step 4: Primary current calculation
1) Referred secondary current: 
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2) Core loss current at rated load: 
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where, 
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P

: full load core losses per kg (W/kg) (read from Figure 3 based on 
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);
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: core weight (kg) (see Appendix 1);
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: input voltage (V).
3) Magnetizing current: 
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where, 
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: magnetic field intensity (A/cm) (read from the B-H curve in Figure 1 based on 
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4) Primary current calculation  
Active component of the primary current:  
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     Total primary current: 
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Step 5: Wire size calculation
Cross-sectional areas of the primary winding conductors and secondary winding conductors are: 
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Then look up the wire size table to find the appropriate wire gauges for the primary and secondary windings (see Appendix 2). Use a slightly larger cross-sectional area of a conductor if you cannot find the exact fit from the table.
Step 6: Winding structure calculation
1) Turns per layer on the primary side:   
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where, 
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:  primary winding area width (mm) (measured from the bobbin, Appendix 1);
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:  diameter of the primary wire (with insulation) (mm);
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: winding displacement factor (see Table 1).
                  Turns per layer on the secondary side:   
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where, 
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:  secondary winding area width (mm) (measured from the bobbin, same as 
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if there is no “winding dividers” in the bobbin. See Appendix 1);
     
[image: image61.wmf]2

m

d

:  diameter of the secondary wire (with insulation) (mm).
Table 1   Design factors of small power transformers
	Wire nominal diameter (mm)
	Winding displacement factor 
[image: image62.wmf]D

k


	Winding layer factor
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	0.056
	1.15
	1.2

	0.112-0.15
	1.1
	1.15

	>0.16
	1.05
	1.15
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indicates that there are some gaps between magnet wires within each layer.
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indicates that there are some gaps between the layers of the winding.

2)  Number of layers of the primary winding: 
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       Number of layers of the secondary winding:  
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3) Thickness of the primary winding (mm):  
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where, 
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: diameter  of the primary wire with insulation (mm);
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: number of layer of the primary winding;
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: winding layer factor;
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: layer insulation thickness(mm) (the thickness of the layer insulation is 
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: outer insulation thickness (mm).
      Thickness of the secondary winding (mm):  
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where, 
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: diameter of the secondary wire with insulation (mm);
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: number of layers of the secondary winding.
Note: if 
[image: image78.wmf]2

d

+
[image: image79.wmf]1

d

 > bobbin window depth and if the primary and the secondary windings are in an undivided bobbin (or
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 or 
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 > bobbin window depth if the bobbin is divided), then change the core area and go back to Step 2; or if 
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<<core window depth, then change the core area and go back to Step 2 to redo the design too.
4) Average wire length per turn
      Average wire length per turn of the primary winding (cm):  
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where, 
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: thickness of the primary winding (mm);
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: bobbin perimeter (mm) (measure and calculate yourself, or look up the core parameter table in Appendix 1).
     Average wire length per turn of the secondary (cm):  
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where, 
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: thickness of the secondary winding (mm);
5) Wire length
Total wire length of the primary winding (cm):  
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   Total wire length of the secondary winding (cm):  
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6) Wire resistance

Primary resistance at 
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where, 
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: resistance (
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), we can get this value from wire size table in Appendix 2.
Secondary resistance at 
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where, 
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: resistance (
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), we can get this value from wire size table in Appendix 2.

Temperature coefficient:  Find temperature coefficient of copper wires from 
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, or get the temperature coefficient value from Figure 4 based on the operating temperature of the winding 
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. (We will not look into thermal design for this transformer.)
where, 
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: ambient temperature (
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: winding average temperature rise (Please take a value of 30 as an estimate and we will not conduct the thermal design) (
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Primary resistance (
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) when operating at full load:  
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Secondary resistance (
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) when operating at full load: 
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Step 7: Voltage ratio check (meet your design specs or not)

1) Secondary no-load voltage: 
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2) Primary EMF:  
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3) Secondary EMF:  
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4) Secondary full-load voltage:  
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 Step 8: No-load losses
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Step 9: Voltage regulation check
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Note: if voltage regulation differs significantly from the selected value in Step 1, then change the selected value, go back Step 1, and redo the design.
Step 10: Efficiency calculation

[image: image117.wmf]2

2

100%

cuc

P

PPP

h

=´

++


where, copper losses are 
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,  and  core losses are 
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: core losses per kg (W/kg) (read from Figure 3 based on 
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: core weight (kg) (see Appendix 1).
Appendix 1  Core Lamination and Bobbin Parameters
[image: image126.emf]

    Silicon steel lamination                                          Plastic bobbin (You need to measure an             







actual bobbin to know the dimensions)

The lamination is EI-66 type, with thickness (() of 0.5mm per lamination. The core parameters are in Table 2. (Please note that there are no holes in the EI-66 laminations).
Table 2   Lamination parameters of the transformer core.
	Core parameters
	
	Bobbin parameters

	( (mm)
	  C (mm)
	F (mm)
	D, H (mm)
	E (mm)
	Sw (cm2)
	Lc  (cm)
	
	Thick. (mm)
	hm1=hm2 (mm)
	LD (mm)
	

	0.5
	22
	33
	11
	11
	3.63
	12.26
	
	1.2
	27
	122.6
	


Note: hm1=hm2  is the width of the winding window area; LD is the depth of the winding window area of the bobbin. The thickness of the bobbin material is 1.2mm. The bobbin parameters in Table 2 may not be exact. Thus the actual parameters of the bobbin should be measured by Design Teams.
The core weight 
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(kg) of the transformer core can be calculated by finding the volume of each lamination, multiplying by the number of laminations in the design, and multiplying by the density of the silicon steel (about 7.75 g/cm3).
Appendix 2  Magnet Wire Sizes and Resistance
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Figure 2. Transformer winding layout





Figure 4. Temperature coefficient of wire resistance
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