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ABSTRACT 

A method to reduce Electromagnetic Interference (EMI) of multiple switching 

waveforms by harmonic cancellation is presented. The waveforms considered are input 

currents generated by 'n' Discontinuous Mode (DCM) Flyback Switched Mode Power 

Supplies (SMPS) that share a common source. The waveforms are modeled as ideal 

triangular waveforms and a Fourier analysis is performed to determine the phase 

relationship, 9, that minimizes the EMI. The combined EMI is minimum when 0 = 360°/n 

and maximum when 0 = 0°. A system of two DCM Flyback SMPS is designed in such a 

way that both 0° and 180° phase shifts between input current waveforms are possible. In 

both cases EMI filters are designed to meet EMI standard MIL-STD-461. The system is 

simulated and constructed and the experimental results are presented. These results 

demonstrate the accuracy of the modeled waveform and the reduction of conducted EMI 

when optimal phasing is achieved. 
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CHAPTER 1 

INTRODUCTION 

1.0 Outline of Work 

In this work a method is developed to reduce the amount of conducted 

Electromagnetic Interference (EMI) generated by a system of Switched Mode Power 

Supplies (SMPS) with a common input source. This is accomplished by optimizing the 

phase relationships that exist between the input current waveforms generated by the 

individual SMPS. 

Chapter 1 begins with a review of Discontinuous Conduction Mode (DCM) Flyback 

SMPS. This is followed by a brief discussion of the type of conducted EMI that results 

from the triangular input current waveforms generated by SMPS. The EMI limit and 

filtering technique that will be used in this work is also presented at this time. The last 

part of Chapter 1 contains a description of a typical system of multiple DCM Flyback 

SMPS. This system illustrates how the phase relationship between the individual SMPS 

input current waveforms determines the amount of EMI that is conducted onto the voltage 

bus. 

In Chapter 2 the system of Chapter 1 is simplified to the extent that the SMPS have 

identical switching frequencies and the input current waveforms are modeled by ideal 

triangular waveforms. In this chapter, reducing the conducted EMI of this system by 

optimizing the phase relationship between input current waveforms generated by the 

individual converters is studied theoretically. Since the amount of EMI is obtained by 

transforming the combined input current waveform from the time domain into the 

frequency domain by a Fourier transform, a review of this type of transformation is also 

presented. It is then shown that given a system of n identical SMPS with triangular input 
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current waveforms, the amount of conducted EMI is minimized when the phase shift 

between each input current waveform is equal to 360%. 

Since this 'ideal' system does not exist in practice. Chapter 2 also investigates the 

possibility of using phase shifting to reduce the amount of conducted EMI when the 

individual input current waveforms are not identical. The amount of conducted EMI is 

minimized even if there exist small variations between individual converters. This is true 

as long as the switching frequency is the same for each SMPS and the phase shift between 

the individual input current waveforms is equal to 360%. 

Chapter 3 contains the design, simulation and experimental results of a system of 

two parallel DCM Flyback converters with similar switching frequencies. The input 

current waveforms generated by each converter are first combined on the voltage bus with 

a phase shift of 0° and then combined with a phase shift of 180°. The resulting EMI is 

measured and compared for each case. When the waveforms are combined with a phase 

shift of 180° the resultant EMI is found to be substantially lower than in the previous case, 

even though the waveforms are not identical. 

Although there is a substantial reduction in the amount of EMI when the non ideal 

converters are combined with a phase shift of 180°, the system EMI in both cases exceeds 

the EMI limits discussed in Chapter 1. EMI filters are required to reduce the amount of 

system EMI to an acceptable level for both types of phase conditions. The second part of 

Chapter 3 contains the design, simulation, construction and measured results for both EMI 

filters. When the two input current waveforms are combined with a phase shift of 180°, 

the amount of EMI filtering is one fourth the amount required when the phase shift is 0°. 

The measured amount of EMI for both filtered outputs is found to be very close to the 

simulated value. 
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1.1 Previous Work 

The use of Switched Mode Power Supplies (SMPS) has many advantages over the 

use of Linear Power Supplies but they are definitely at a disadvantage when it comes to 

the amount of EMI they generate. In fact, one of the most challenging aspects of 

designing and manufacturing these types of power supplies is being able to meet the 

Electromagnetic Interference (EMI) standards. Since the advantages of using SMPS still 

out-weigh the disadvantages it is not surprising that a considerable amount of research has 

been directed towards reducing the amount of EMI generated by SMPS. One approach 

uses Pulse Width Modulation techniques to more evenly distribute the EMI over 

frequency [1], Another approach uses noise separators to distinguish the Common Mode 

noise from the Differential Mode noise thus minimizing the size of the EMI filter [2,3], 

The effects that the EMI filter has on the operation and stability of the SMPS has been 

thoroughly investigated [4,5], and the use of a quasi-resonant instead of pulse width 

modulated switching scheme is also shown to reduce the amount of EMI [6], 

None of these previous works investigates the effects that the phase relationship 

between multiple SMPS operating off of the same voltage bus has on the amount of EMI 

that is conducted onto that voltage bus. This work determines the optimal phase 

relationship that minimizes the amount of EMI that is conducted onto the voltage bus 

from a system of multiple SMPS. A systematic analysis containing the design, simulation 

and experimental results of the minimized EMI filter is also included in this work. 

1.2 Review of the Discontinuous Conduction Mode Flyback 
Converter 

There are basically three types of power supply designs: Linear, Switched Mode and 

Resonant Converter. The Linear power supply has an efficiency of 30-50% and is 

typically used in low power applications. The Switched Mode Power Supply has an 
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efficiency of 70-90% and is used from milliwatt to kilowatt applications. The Resonant 

Converter has an efficiency of 85-90% and is used in medium power applications. 

The Power Supply used in this analysis is a particular type of SMPS called the 

Discontinuous Conduction Mode (DCM) Flyback Converter [7,8,9], This is a Flyback 

Converter that is designed to operate in discontinuous mode. The circuit diagram of a 

simplified Flyback Converter is shown in Figure 1.1. 

Id© D N1:N2 

Vc(t) he 

Figure 1.1-Simplified Flyback Converter 

The notation used in this paper for an instantaneous voltage or current is Vx(t) and 

Ix(t), the average, (DC), voltage or current is given by Vx and Ix. It is assumed that the 

input and output voltage waveforms, Vc(t) and V0(t), have negligible ripple so these 

waveforms can be approximated by their DC components VG and Vo. The function of this 

type of power supply is to convert a given input voltage, Vc(t), to a desired output 

voltage, Vo(t), while supplying sufficient power to the load, R. 

The mathematical relationships between the input and output voltages are a function 

of switching frequency, duty cycle and circuit elements. The switching frequency, fs, is 

the frequency at which the transistor is cycled on and off, normally in the range of 100-

200 KHz. The duty cycle, Di, refers to the percentage of the switching period, Ts, that 
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the transistor is on. The duty cycle can be set for a fixed load, or it can be used as a 

feedback control parameter to regulate the output voltage under varying loads. 

This type of power supply is useful in low power applications (200W max.) where 

multiple outputs or input to output isolation is required. The advantages include low parts 

count and accurate tracking of multiple outputs. The disadvantages include the use of a 

transformer instead of an inductor and the large pulsating input and output currents. 

A DCM Flyback converter is a Flyback converter that is designed to operate in 

discontinuous mode for a portion of each switching period. Discontinuous mode is 

defined as a mode of operation where the current flow in the inductor is discontinuous. 

The other mode of operation is called Continuous Conduction Mode (CCM) where the 

inductor current is continuous. When the converter is operated in DCM there exists a 

single pole, which is easier to stabilize than the two poles and RHP zero that exist when 

the converter is operated in CCM. Other advantages of operating in DCM include the 

isolation provided by the transformer, the switch is grounded and multiple outputs can 

easily be incorporated. 

In this application, the transformer acts like an inductor and stores energy in the 

primary winding in the form of a magnetic field. This transformer can be modeled as an 

ideal transformer with mutual inductance, L. In this application, L refers to the inductance 

that is seen looking back into the secondary winding of the transformer. The 

instantaneous inductor voltage, Vi,(t), becomes the voltage across the secondary of the 

transformer and the instantaneous inductor current, IL(t), is the current through the 

secondary winding of the transformer. The inductor current, IL(t), has an average (DC) 

component, II, and a ripple component, AIL. 

Once steady state has been reached, the operation of the DCM Flyback converter 

during each switching period can be separated into three distinct intervals. During the first 
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two intervals, the converter operates as if it were in continuous mode. In the third 

interval, the converter operates in discontinuous mode. The following is an analysis of the 

operation of the converter for each of these intervals and the resulting mathematical 

relationships that exists between the input and output parameters of this type of SMPS. 

Interval I, 0 <t <DrTs 

This interval begins when the controlling voltage waveform, Vi(t), switches the 

transistor on. When the transistor is on, current flows through the primary of the 

transformer, through the transistor and back to the source. The input voltage, VG, is 

reflected from the primary to the secondary side of the transformer, but since the diode is 

reversed biased, the current can not flow through the secondary winding. During this 

portion of the period, which lasts for Di-Ts seconds, the output capacitor supplies all of 

the current to the load. The design equations for this interval of the switching period are 

given in Equations 1.1-1.4. 

dl L (t) 
Vl l̂ T̂̂  0-1) 

d V c ( t )  V a  

Ic(0 = C ~ d i = ~ f  (L2) 

I ait) = IL(tA (1.3) 
n\ 

/D(/) = 0 (1.4) 

Interval II, D,-Ts <t <(Di + -Ts: 

The transistor is switched off by the controlling voltage waveform, Vi(t). The 

polarity across the transformer inductor reverses in an attempt to keep the primary side 

current continuous; however, the transistor is off and no primary side current can flow. 
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Instead, the diode becomes forward biased and the energy stored in the inductor is 

released through the secondary winding, resulting in secondary current flow. The 

secondary current starts this interval at a maximum value and ramps down to zero in D2-Ts 

seconds. When the inductor current reaches zero, the diode prematurely shuts off. In this 

interval the energy is transferred to the output capacitor and to the load. The design 

equations for this interval of the switching period are given in Equations 1.5-1.8. 

VL(t) = L^ = -VQ (1.5) 

/c
(0 = C^=/D

(0-^ (1.6) 

/o(0 = 0 (1.7) 

I D ( t ) = I L 0 )  (1.8) 

Interval III, (Dt + DJ •Ts<t< Ts: 

The transistor is off and the diode remains reversed biased for this portion of the 

switching period. The current through and the voltage across both the primary and 

secondary windings of the transformer are zero so there is no active transfer of energy, 

only the output capacitor discharging to the load. During this interval the inductor current 

remains at zero and the converter operates in discontinuous conduction mode. This is a 

function of the converter and occurs when the inductor current is designed to have a peak 

ripple component, AIl, greater than the dc component, II. This results in a interval where 

the inductor current is held at zero by the diode. The design equations for this interval are 

given in Equation 1.9-1.12. 

V^ = L^- = 0 (1.9) 
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(1.10) 

/O(0 = o (1.11) 

I D { 1 )  =  0  (1.12) 

At the end of the switching period, Ts, the voltage waveform, Vi(t), turns the 

transistor on again and the cycle is repeated. The inductor voltage, VL(t), inductor 

current, IL(t), input current, IG(t), diode current, ID(t), and capacitor current, Ic(t), 

waveforms are shown with Vi(t) as the reference voltage in Figure 1.2. The mathematical 

relationships between the input and output parameters of the converter are obtained by 

applying the principles of Inductor Volt Second Balance and Capacitor Charge Balance to 

the equations obtained from each of the three intervals [7]. 
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v^tr 

VL(t) 

-> t 

(VG)(N2 / N1) 

—y t 

iL(t) 

3(t) 

-> t 

* —1 0
 

>
 1 II CN E
 

m3 = (VG/L)(N2/N1)2 

y t 

iD(t) 

ic(«) 

d2Ts 
d3V 

-> t 

lL(t) - (V0 / R) 

-> t 

(V0/R) 

Figure 1.2-waveform diagram for a typical Flyback Converter 

The principle of Inductor Volt-Second Balance states that the initial and final values 

of the inductor current must be equal over each switching period, or equivalently, the 

average (DC component) of the inductor voltage must be zero during steady state 
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conditions. A similar principle applies to capacitors. This is called the principle of 

Capacitor Charge Balance which states that the initial and final voltage across a capacitor 

must be equal during each switching period, or equivalently, the average (DC) capacitor 

current must be zero. 

The output voltage, Vo, is derived by applying the principle of volt second balance 

to the average inductor voltage, VL, as shown in Equations 1.13 and 1.14. The resulting 

Equation for V0 in terms of the input voltage, VG, the transformer turns ratio, Di and D2. 

is shown in Equation 1.15. 

V L =0 (1.13) 

V G ^ ( D r T s ) - V o - ( D 2 - T s )  +  0 - ( D 3 - T s )  =  0  (1.14) 

n2 £>, 

/ / ,  D 2  
Vo = Va TfTT (115) 

While VG, the turns ratio and DI are inputs to the converter that can be physically 

set, D2 and D3 are non controllable converter functions. In order to derive an equation for 

Vo in terms of controllable parameters, Kirchoffs current law is used in Equation 1.16 to 

equate the average diode current, Id, to the sum of the average capacitor current, Ic, and 

the average output current, Vo/R. 

/ D = / C +^f  (H6) 

This relationship is simplified by applying the principle of capacitor charge balance, 

which states that the average capacitor current is zero. Therefore, the average diode 

current is equal to the average, or DC, output current shown in Equation 1.17. The 

mathematical expression for Id obtained from the diode current waveform shown in Figure 

1.2 is given in Equation 1.18. 
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/ 
0 /? 

7i , 
= tvJ'D (0^' = TT 

0.17) 

(1.18) 

These two equations are combined in Equation 1.19 where the output voltage is still 

a function of the uncontrollable parameter D2. Equation 1.15 can be solved in terms of D2 

as shown in Equation 1.20. This equation is then substituted into Equation 1.19 and the 

relationship between the output voltage and the controllable parameters can be described 

by Equation 1.21. 

VGDlD2RTsn2 
VQ = 

2Ln,  

VaP,n2 

1 ~ V n v on\ 

Vo = 
Van2D. RT, 

2 L 

(1.19) 

(1.20) 

(1.21) 

The mathematical expressions for the peak input current and the peak diode current 

are also derived from Figure 1.2. The input current, IgO), has a non zero value only 

during the first interval. The peak values for Ic(t), and ID(t) are shown in Equations 1.22 

and 1.23. Since the calculation for the peak diode current also contains the parameter D2, 

Equation 1.20 is used to replace D2 in Equation 1.23. 

V, 
Gpeak 

Dpeak 

/ \ 
n2 

D T LJ\ Ls 

VQDJs _ VGPJsn2 

L ti\L 

(1.22) 

(1.23) 

As previously stated, the DCM Flyback converter is a Flyback converter that is 

designed to operate in DCM. This is achieved by designing the converter in such a way 
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that the inductor current waveform has a DC component less than the peak ripple 

component. The design equations necessary to ensure DCM can be obtained by analyzing 

the boundary condition between the DCM and the CCM. 

The inductor voltage and current waveforms of a Flyback converter are shown in 

Figures 1.3-1.5 for both modes of operation and for the boundary in between. Figure 1.3 

shows the waveforms when the converter is operating in CCM. Note that under this mode 

of operation, the interval D3 does not exist. The boundary between the two modes occurs 

when II is decreased to a value that is equal to AIL as shown in Figure 1.4. As the value 

of II is decreased below the amplitude of AIL, the converter enters DCM as shown in 

Figure 1.5. 

V,(t) 

vL(t) 
-+ t 

VG(N1 / N2) 
—» t 

-v„ 

t  A IL | 2A  IL 

mi 
= (VG / L)(N2 / N,) 

m 2  =  - V Q / L  

Figure 1.3-Current and voltage waveforms for inductor current in CCM 
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V,® 

k 

VL(t) 

VaOVNj) 
-+ t 

< Ts > m
2 = - VQ / L 

Figure 1.4-Inductor current and voltage waveforms at the boundary 
between CCM and DCM 

V,(t) 

Vu(t) 

DJS 

(D1+D2)TS — 

" (D1
+D2

+D3)TS 

—• t 

vG (N , /N 2 )  
—• t 

-v„  

-» t 

m1 = (VG/L)(N2/N1) 

m2 = - V01L 

Figure 1.5-inductor current and voltage waveforms in DCM 

The mathematical relationship describing the boundary between the two modes can 

be derived from the inductor current waveform shown in Figure 1.3 when the converter is 
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operating in CCM. When the converter is operated properly in this mode, the inductor 

current ripple, AIL, is negligible compared to the DC component, IL and the inductor 

current waveform IL(t) can be approximated by the DC component, IL. 

The output voltage, V0, for continuous mode is derived by applying the principle of 

volt second balance to the average inductor voltage, VL, as shown in Equations 1.24 and 

1.25 where the variable D, is defined in Equation 1.26. 

V a^(DJ s )~Vo (D[T s )  =  0 (1.24) 

V0 ̂ = a25) 

DXl-D,)  (1.26)  

The average inductor current II is derived by applying the principle of capacitor 

charge balance to the capacitor current as shown in Equations 1.27 and 1.28. 

~^{DJS )  + I  i{D\T s ) - l f {D\T s )  =  0 (1.27) 

< 1 2 8 >  

The inductor current ripple, AIL, is derived geometrically from Il (0 in Figure 1.4 and 

is given mathematically in Equation 1.29. 

v„d\ r, 
A/l=~\^L (1.29) 

The boundary condition that exists between the two modes occurs when IL=AIl and 

is derived in Equation 1.30 from Equations 1.28 and 1.29. 

2 L 
•^r = (£>,r (1.30) 
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In order for the converter to operate in DCM, IL must be less than AIL- Equation 

1.31 shows the relationship between the inductance, load resistance, duty cycle and 

switching period that must exist in order for the converter to operate in DCM. 

2 L 

~WS
<W (U1) 

1.3 EMI Generated By A DCM Flyback Converter 

Electromagnetic Interference (EMI) is defined as a condition in which 

unintentionally transmitted electromagnetic energy generated by the operation of one piece 

of electronic equipment interferes with the normal operation of another piece of electronic 

equipment. EMI has two coupling mechanisms; radiated and conducted. The emitter, or 

the source, generates either radiated emissions (RE), or conducted emissions (CE). The 

receiver exhibits either radiated susceptibility (RS), or conducted susceptibility (CS). 

Examples of emitters are radio or television stations, mobile radios, CB's, computers, 

power lines, automobile ignition systems, radar, fluorescent bulbs and switched mode 

power supplies. Typical receivers include televisions, computers, audio receivers, radar 

navigation equipment and microwave relay stations. The amount of EMI is a 

measurement of the spectral energy. 

There are many regulatory agencies which control EMI emissions and susceptibility 

both in the commercial and military sectors [10], Most countries have their own EMI 

specifications and a corresponding regulatory agency. These agencies, in the commercial 

sector, include: FCC for the United States, VDE for Germany, and CISPR, which is the 

international special committee on radio interference. The purpose of these agencies is to 

ensure that the operation of any electronic equipment will not be impaired when subjected 
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to EMI, nor will it generate significant EMI, adversely affecting the operation of other 

pieces of electronic equipment. 

The DCM Flyback Converter, like all switched mode power supplies, generates EMI 

that is conducted onto the power bus, VG. This conducted EMI is generated by the input 

current, IG(t), which is a high frequency pulsating current. A typical military standard for 

this type of EMI is MIL-STD- 461C CE03, which specifies the limit of conducted EMI on 

a voltage bus due to a current waveform [11,12], The frequency range of this requirement 

is from 15KHz to 50MHz and the emission limit is from 86dB to 20dB where dB is taken 

with respect to I Ampere of current. 

In order to determine the amount of conducted EMI generated by a DCM Flyback 

converter, PSPICE was used to simulate a typical DCM Flyback converter. The input 

current waveform, IG(t), is shown in Figure 1.6. The peak amplitude is 2.5 Amps, the 

switching frequency is 200KHz and the duty cycle is 50%. The high frequency sinusoidal 

wave that exists on this waveform is due to the leakage inductance of the transformer 

resonating with the parasitic capacitance of the diode. 
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Figure 1.6-Simulated input current waveform from 
DCM Flyback Converter 

In order to determine the amount of EMI that is conducted by Ig O), the current 

waveform was transformed into the frequency domain by means of a Fourier transform. 

The harmonic content of the input current waveform is shown in Figure 1.7 with the limit 

per MIL-STD-461C CE03 overlaid for comparison. The horizontal axis gives the 

frequency range from the fundamental frequency of 200Khz through 50Mhz. The vertical 

axis gives the amplitude of the frequency response of the current waveform in units of 

Amps. For direct comparison to MIL-STD-461, the corresponding units of dB with 

respect to In Ampere are also given in dB|iA. The conducted EMI for this particular 

converter is approximately 70 dB over the limit for this requirement at 200kHz. This 

particular SMPS requires an EMI filter with at least 70dB attenuation at the fundamental 

frequency to reduce the EMI to acceptable levels. 
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Figure 1.7-Simulated frequency spectrum of input current waveform 

1.4 EMI Filter Design For A Single DCM Flyback Converter 

A properly designed EMI filter that is placed between the power bus and the 

converter provides the attenuation necessary to reduce the current waveform, IG(t), to an 

acceptable level. This configuration is shown in Figure 1.8. 

EMI FILTER SWITCHED MODE 
POWER SUPPLIES. 

Voltage Bus 

Figure 1.8-System diagram containing EMI filter 

There are different types of filters that are used to reduce this type of EMI. It is 

sometimes necessary to separate the conducted EMI into differential and common mode 

parts and then incorporate specially designed components to filter each part separately. In 
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this work the emphasis is placed on differential mode filters like the one illustrated in 

Figure 1.9 [8], 

L, 

CH

OC Voltage 
Bus 

*—o 

C H -

o-

Power 
Supplies 

•-O 
"V7 

Figure 1.9-EMI filter 

The LC filter utilizes the attenuation properties that are inherent to all capacitors and 

inductors. As the frequency increases, the attenuation of a capacitor decreases while the 

attenuation of an inductor increases. By choosing the appropriate number and values of 

inductors and capacitors, the required amount of attenuation at all frequencies can be 

obtained. The following is an example of the type of EMI filter that will be used in this 

work. In this example a filter is designed to properly attenuate the input current 

waveform, IG(t), generated by the single DCM Flyback converter discussed in the previous 

section. In order for the input current to be reduced per an EMI requirement similar to 

MIL-STD-461, the filter must provide at least 70 dB attenuation at the switching 

frequency. 

Ideally, this filter could consist of the single ideal low frequency inductor and 

capacitor shown in Figure 1.10. This ideal filter has a gain of unity at frequencies below 

the cut-off frequency, fo, and rolls off at 40 dB/dec after f0 as shown in Figure 1.11. In 

this Figure the switching frequency is referred to as fs. The relationship between the cut

off frequency and the ideal inductor and capacitor values are shown in Equation 1.32. 
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Since the roll-off of the filter is 40dB/dec, the cut-off frequency must be located at least 

two decades below the switching frequency, fs. This sets the maximum frequency for fo at 

2KHz, which in turn sets the minimum LC product at 6.33 X 10'9. The individual values 

for the ideal inductor and capacitor may be determined by other design constraints or 

component availability. One possible combination of ideal components is a 29uH inductor 

with a 220uF capacitor. This combination provides an attenuation of 80 dB at the 

switching frequency of 200Khz which gives a lOdB margin for error. Since the 

attenuation of the ideal filter increases and the amplitude of the harmonic content of the 

input current waveform decreases as the frequency increases, the filter will provide 

sufficient attenuation for all frequencies. 

O • o 

DC Voltage 
Bus 

Ci Power 
T buppiies 

o o 

Figure 1.10-simplified ideal EMI filter 

*° 2njLC 
(1.32) 
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Figure 1.11-Attenuation of the ideal filter shown in Figure 1.10 

In reality, ideal components do not exist. Capacitors and inductors contain parasitic 

elements. These parasitic elements are a function of the physical design of the 

components and cause non ideal behavior of the component over frequency. The 

attenuation of a capacitor is a function of the capacitance and parasitic elements. The 

capacitor behaves like a capacitor only for a limited frequency range, for other frequencies 

it behaves like an inductor or a resistor. Similarly, an inductor behaves like an inductor, a 

capacitor and a resistor at different frequencies. These parasitic elements can result in an 

unacceptable decrease in attenuation at various frequencies. 

In order to compensate for these parasitic elements, a low frequency capacitor and 

inductor are used to start the filter attenuation at 40 dB/dec and a high frequency 

capacitor and inductor are added to compensate for the parasitic elements of the low 

frequency capacitor and inductor like the filter shown in Figure 1.9. 
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1.5 System Description 

The system used to illustrate the effect that the phase relationship between individual 

DCM Flyback converters has on the total EMI conducted onto the power bus is shown in 

Figure 1.12. This system consists of multiple SMPS which are connected in parallel to a 

single DC voltage bus. The SMPS are DCM Flyback converters operating at the same 

switching frequency. 

Vbus I EMI I 
filter |-

± 
-A-

-A-

Power 

Supply #1 

Power 

Supply #2 

Power 

Supply #3 

Power 

Supply #n 

Figure 1.12-System of multiple SMPS operating on a single voltage bus. 

The individual current waveforms combine on the DC power bus in various ways 

depending upon the phase relationships that exist between them. If all the converters are 

switched on at exactly the same time, the combined current will have a peak amplitude 

equal to the sum of the individual peaks. In this case the resultant EMI is maximum. 

However, if the converters are switched on at different times, the shape and amplitude of 

the combined waveform would be much different and the resultant EMI smaller. 
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The goal of this work is to determine the optimal phase relationship between the 

DCM Flyback converters of this system that will result in a minimal amount of EMI being 

conducted onto the voltage bus. Once this amount is determined, an optimal EMI filter 

can be designed to bring the remaining EMI down to acceptable levels. 
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CHAPTER 2 

ANALYSIS AND SIMULATION OF THE REDUCTION OF EMI 

2.0 Introduction 

In this chapter the system of Chapter I is simplified to the extent that the SMPS 

have identical switching frequencies and the input current waveforms are modeled by ideal 

triangular waveforms. These triangular waveforms provide a simple and accurate model 

for the input current waveforms, Io(t), generated by the DCM Flyback SMPS. The 

conducted EMI of this system is reduced by optimizing the phase relationship between 

input current waveforms generated by the individual converters. Since the amount of EMI 

is measured by transforming the combined input current waveform from the time domain 

into the frequency domain by a Fourier transform, a review of this type of transformation 

is also presented. It is then shown that given a system of n identical SMPS with triangular 

input current waveforms, the amount of conducted EMI is minimized when the phase shift 

between each input current waveform is equal 360°/n. 

The same method of reducing the amount of EMI is applied to a system where the 

individual input current waveforms have the same switching frequency but have variations 

in amplitudes or duty cycles. It is shown that the amount of conducted EMI is minimized 

even if there exist small variations between individual converters. This is true as long as 

the switching frequency is the same for each SMPS and the phase shift between the 

individual input current waveforms is equal to the switching period divided by the number 

of converters in the system. 

2.1 Equivalent Model for Input Current of DCM Flyback Converter 

A PSPICE simulation of a DCM Flyback converter similar to the one shown in 

Figure 1.1 generates the input current waveform, IG(t), shown in Figure 1.6. The peak 



35 

amplitude is 2.5 Amperes, the duty cycle is set at 50% and the switching frequency is 

200kHz. The interval shown begins after the converter has reached steady state at 500(i 

seconds and continues for two switching periods. The Fourier transform of this waveform 

is shown in Figure 1.7. This frequency transformation determines the harmonic magnitude 

of Ia(t) at every frequency that is a multiple of the fundamental frequency. The 

fundamental frequency is the lowest frequency component that is contained in IG(t), in this 

case it is the switching frequency, 200kHz. 

To fully understand how waveforms of this type combine in the frequency domain, it 

is necessary to symbolically derive the Fourier Transformation of a single waveform. 

Since the waveform of Figure 1.6 is too complicated for such an analysis, an equivalent 

model is developed. This waveform has low frequency components due to the basic 

triangular waveform and higher frequency components due to the resonance between the 

parasitic diode capacitance and the leakage inductance of the transformer within the 

converter. This can be seen from the frequency spectrum shown in Figure 1.7. In order 

to simplify the model, the high frequency components generated by the DCM Flyback 

converter are neglected and IG(t) is approximated by the ideal triangular current waveform 

shown in Fig. 2.1. 
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Figure 2.1-Ideal triangular waveform 

To verify this approximation in the frequency domain, a Fourier Transform of the 

ideal triangular current waveform of Figure 2.1 is performed using PSPICE. The 

frequency content of this waveform is shown in Figure 2.2. A comparison of the 

frequency content of this ideal triangular waveform and the input current generated by the 

simulated DCM Flyback converter is shown in Figure 2.3. Here it can be seen that the 

two waveforms have similar harmonic magnitudes at the lower frequencies. The simulated 

DCM Flyback converter has a peak at about 10MHz where the transformer leakage 

inductance resonates with the parasitic capacitance of the diode. The ideal triangular 

waveform has larger high frequency components since it has a sharper peak than the 

simulated waveform generated by the DCM Flyback converter. 
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Figure 2.3-Frequency spectra of ideal triangular waveform and input 
current waveform generated by simulated DCM Flyback Converter 
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The ideal triangular waveform is an acceptable model for the simulated input current 

waveform, IGO), generated by a DCM Flyback converter, at least as far as the frequency 

domain analysis of the EMI filter is concerned. The EMI filter is designed to provide a 

specific amount of attenuation at the fundamental frequency. Since the harmonic 

magnitude of this type of waveform decreases as frequency increases, a good EMI filter 

also provides sufficient attenuation at frequencies above the fundamental frequency. 

Because of this the higher frequency components of the waveform can be neglected. 

2.2 Trigonometric Form of the Fourier Series For Triangular 
Waveforms 

Before the optimum phase relationship between the input current waveforms 

generated by multiple converters can be found, the frequency content of a single input 

current waveform, IG(t), is derived. This is necessary to determine how these input 

current waveforms combine in the frequency domain. As shown in the previous section, 

IG(t) can be modeled as the ideal triangular waveform, f(t) of Figure 2.4. The x-axis is 

time in seconds. The period, T, is the interval (t0,t3) and the duty cycle is defined as (t2-

ti)/T. The y-axis is amplitude in Amperes with the peak amplitude given as the variable A. 

Since this is a periodic waveform, a Fourier Transform can be used to transform the 

waveform into the frequency domain and compute the amplitude at each of the harmonic 

frequencies. The following is a review of the Fourier transform using the Fourier Series 

representation of a periodic waveform [13,14], 
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Figure 2.4-Generalized Ideal Triangular Waveform 

The Fourier Transform of the waveform of Figure 2.4 can be obtained by 

representing the time varying waveform by an equivalent Fourier series representation. 

The equation of the Fourier series representation of a periodic function is given by 
CF> NR> 

/ (<)  = «„ +  ̂ a n  cosncot  +  ̂ b n  sin wo/, where co=2n/T and T is the period of the 
«=I n=l 

waveform. The coefficients a0, an and hn are given in Equations 2.1-2.3 and the 

magnitude of each harmonic is given as cn in Equation 2.4. 
j T 

« o = 7  J / ( > )  ( 2 - 1 )  
1 0 

2 T 
a n = T  J / (  0  cosneotd t  (2.2) 

' 0 

b„= j  j j ( t )  s in  na td t  (2.3) 

c n  =  K + K  ( 2 . 4 )  
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The function, /(/), has a non-zero value only during the interval from ti to t2 where 

it is defined by the equation of a line, f(t) - mx + b. In order to simplify the calculations 

of the Fourier coefficients, the integrals were solved symbolically and the resulting 

equations are shown in Equations 2.5-2.8. 

1 f m ,  
a °  7 \ 2  

an = — 
n *7* 

m 
-r(cosncot2 - cosnc(Ax + nco(t2 sinnaj t 2  - t }  sin««/,)) 

{nco) 

+ 7—rlsinrtfi;^ -sin«ftj/,) 
(na) v  "  '  

n rp 

m 
- sinno) t ]  -nwt 2  cosnat2 +ncot\ cosMfij/,)-

("«) 
b i \ 

—(cosncot^  -  cosncot , )  
nco v  * '  

c = J a n2 + b\ 
n V n n 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

2.3 EMI Of A System Of Two DCM Flyback Converters 

Consider the system of Figure 2.5 which consists of two DCM Flyback converters. 

The input current waveforms, IG(t), are simplified to the extent that they have identical 

periods, duty cycle and peak amplitude. It is also assumed that the timing between the 

two waveforms can be controlled. The period is 5(0. second for a switching frequency of 

200KHz, the duty cycle is 50% and the amplitude is 1.0 Ampere. 
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Figure 2.5-System of two DCM Flyback Converters 

The following analysis investigates the effect that phase relationships between two 

input current waveforms have on the amount of system EMI. The first case is where the 

two waveforms are combined with a phase shift of 0°. The second case is where the same 

waveforms are combined with a phase shift of 180°. This is followed by a comparison of 

the harmonic spectrum of the EMI that results from the two phasing conditions. 

2.3.1 EMI Generated By Two Waveforms With A Phase Shift Of 0° 

The modeled input current, Ig O), of converter #1 is shown in Figure 2.6 switching 

on at t=0 sec and reaching a peak value of 1.0 Ampere at the end of the duty cycle at 2.5 

l^sec., at this point the waveform switches off and remains at zero for the rest of the cycle 

before switching on again. Substituting t0=ti=0, t2=2.5|i second, t3=5ja second and A=1.0 

Ampere into Equations 2.6 and 2.7, the coefficients an and bn are derived as shown in 

Equations 2.9 and 2.10. The magnitude of each nth harmonic is given by Equation 2.8 

and is plotted in Figure 2.7. The dc component given by the coefficient a0, does not 

contribute to the harmonic magnitude so it is not included in this analysis. 
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Figure 2.6 
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2 
an = j- if n is odd and 0 if n is even (2.9) 

(nit) 

b„ = — if n is odd and - — if n is even (2.10) 
nn nn 

If converter #2 is switched on at the same time as converter #1, the two waveforms 

combine as shown in Figure 2.8. The resultant Fourier coefficients of the input current 

waveform of converter #2 are identical to Equations 2.9 and 2.10. The combined Fourier 

coefficients, an and bn, of the two waveforms are obtained by multiplying the coefficients 

of Equations 2.9 and 2.10 by two and are given in Equations 2.11 and 2,12. Again the 

magnitude of each harmonic is calculated using Equation 2 .8 which reduces to Equation 

2.13 and is shown in Figure 2.9. 

18 6 us 
TIME (SECONDS) 

Figure 2.8-Two ideal input current waveforms combined with a 
phase shift of 0°. 

if n is odd and 0 if n is even (2.11) 
inn)2 
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bk = — if w is odd and -— if n is even 

H7T nx 
(2.12) 
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(«^)2 + 

r 2  v  
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\nitJ 

if n is even 
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Figure 2.9-The harmonic spectrum of Ia(t) when two idea! waveforms 
are combined with a phase shift of 0° 

In this case, the harmonic spectrum of the combined waveforms has the same 

fundamental frequency as the single converter but it has twice the magnitude at each 

harmonic. This can be seen by comparing the frequency spectrum of IG(t) from the single 

converter in Figure 2.7 to the frequency spectrum of the combined current waveform in 

Figure 2.9. 
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2.3.2 EMI Generated By Two Waveforms With A Phase Shift of 180° 

In this section the resultant harmonic spectrum of the system of Figure 2.5 is 

examined when the two waveforms are combined 180 degrees out of phase. The 

individual waveforms and the timing relationships are shown in Figure 2.10. The top 

waveform starts to ramp up at zero seconds and reaches the peak value of 1.0 Ampere at 

2.5|i second. At this time the waveform drops back to zero and remains there for the 

remainder of the switching period. The Fourier coefficients for this waveform are also 

given by Equation 2.9 and 2.10. The middle waveform, which is the input current from 

converter #2, remains at zero until 2.5JJ. second and then ramps up to 1.0 Ampere during 

the remainder of the switching period. The Fourier coefficients for this waveform are 

derived using Equations 2.6 and 2.7 and are given in Equation 2.14 and 2.15. 

l.OA 

l.OA 

l.OA 

2.0us 4.0us 6.0us 
TIME (SECONDS) 

8.0us lOus 

Figure 2.10-Two ideal input current waveforms combined with a 
phase shift of 180 °. 
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a „ =  7—RJ if W is odd and 0 if AI is even (2.14) 
(nn)  

bn = — if n is odd and — if n is even (2.15) 
nn nn 

The waveform on the bottom of Figure 2.10 is the combined current waveform. The 

Fourier coefficients of this waveform are derived from Equations 2.9, 2.10, 2.14 and 2.15 

and are given in Equation 2.16 and 2.17. The magnitude of each harmonic is given by 

Equation 2.18 and is shown graphically in Figure 2.11. 
a n = 0 (2.16) 

- 2  
b„ = 0 if n is odd and — if n is even (2.17) 

nn 
2 

c„ = — if n is even and 0 if n is odd (2.18) 
nn 
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Figure 2.11-Spectral content of two identical waveforms combined with 
a phase shift of 180 
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In this case, the current waveforms combine in such a way that the fundamental and 

all odd harmonics cancel, the magnitude of the even harmonics remain the same and the 

fundamental frequency moves from 200KHz to 400KHz. 

2.3.3 Comparison Of System EMI Generated By Two Waveforms 

Combined with 0° and 180° Phase Shifts 

The advantage that doubling the fundamental frequency has on the filter design can 

be seen by comparing the two frequency spectrums shown in Figures 2.9 and 2.11. In 

order to meet EMI requirements given in Chapter 1.3, the waveform shown in Figure 2.9 

must be reduced by approximately 67dB at 200KHz and the waveform of Figure 2.11 

must be reduced by approximately 68 dB at 400KHz. This requires a filter with an LC 

product of 6.3 X 10"13 and 1.5X10"13 respectively. The LC products are derived from 

Equation 2.19, where L and C are the low frequency filter elements and fs is the 

appropriate fundamental frequency. 

<2 I9 )  

When the two waveforms are combined with a phase shift of 180° the EMI filter LC 

product can be one fourth of the value needed to provide the same filtering for the case 

where the waveforms are coincident. The advantages of using smaller valued filter 

components becomes apparent when selecting the inductor. The smaller the value of the 

inductor, the smaller the physical size, the more current the inductor can cany without 

saturating and the smaller the cost. 

2.4 EMI Of A System Of Three DCM Flyback Converters 

It has been determined analytically in the previous section that the fundamental 

frequency of a system containing two identical converters can be increased by a factor of 
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two if the two waveforms are combined 180 degrees out of phase with each other. This 

naturally leads to the question of what optimal phase relationship exists for a system that 

contains three identical converters. The block diagram of this system is shown in Figure 

2.12. 

Voltage Bus 

ig(t) 

ig(t) 
— A 

Converter #3 

Converter #1 

Converter #2 

Figure 2.12-Block diagram of system of three identical converters 

In order to see how the phase relationships between the individual converters effect 

the combined frequency spectrum of the system, various timing schemes are imposed on 

the individual input current waveforms. The condition where the three waveforms are 

combined with a phase shift of 0° is shown in Figure 2.13, the combined current being the 



49 

bottom waveform. Again, the individual current waveforms have a switching frequency of 

200kHz, duty cycle of 50% and a peak amplitude of 1.0 Ampere. 

1A 

1A 

3A 

4l0us 8.0us lO.Ous Ous 6.0us 
TIME (SECONDS) 

Figure 2.13-Three identical waveforms combined with a phase shift 
of 0°. 

The harmonic content of the combined waveform can be derived from Equations 

2.6-2.8 with the resulting frequency spectrum of Figure 2.14. The fundamental frequency 

is 200kHz which is the switching frequency of the converter. In this case, the amplitude 

of the harmonics are three times that of a single converter. 



50 

IO.OAT 

326mA 

160mA 

FREQUENCY (MHz) 

Figure 2.14-The harmonic spectrum of three identical waveforms 
combined with a phase shift of 0°. 

Next the analysis is repeated with the waveforms evenly staggered across the 

switching period. This results in a phase shift of 120° between each waveform. The input 

current waveforms of the three converters and the combined current waveform are shown 

in Figure 2.15. The first converter switches on at 0 seconds, the second at one third of the 

switching period and the third at two thirds of the switching period. This evenly staggers 

the waveforms over the entire switching period as shown in the combined waveform at the 

bottom of Figure 2.15. The frequency spectrum of this combined waveform is shown in 

Figure 2.16. 



1A 

1A 

1A 

OA-

TtME (uSECONDS) 

Figure 2.15-Three identical waveforms combined with a phase shift of 120 

lOAr -

l.OA-j 

w O.lA-i 

'•10mA-1 

l.OmAi 
0.2 0.3 

— 326mA 
r 160mA 

1.0 3.0 10.0 
FREQUENCY (MHz) 

30.0 50.0 

Figure 2.16-The frequency spectrum of the combined waveform of Figure 2.15 



52 

By evenly staggering the input current waveforms over the entire switching period 

the fundamental frequency is increased by a factor of three to 600kHz and two out of 

three harmonics are canceled. The harmonics that are not canceled have the same 

magnitude as in the case where the waveforms were combined with a phase shift of 0°. 

Another advantage is that the required EMI filter has an LC product one ninth the amount 

needed when the waveforms were combined with a phase shift of 0°. 

2.5 The Optimal Phase Relationship For A System Of n Converters 

The optimal phase relationship between converters with identical input current 

waveforms is a function of the number of converters in the system. In a system of n 

converters, the EMI filter requirements are minimized when the switching of each 

converter is controlled in such a way that a delay of 1/n of the switching period exists 

between each converter. In this way the combined waveform is uniformly distributed over 

the switching period, the amplitude of the sharply falling edge is minimized and n-1 out of 

n harmonic frequencies are canceled. The fundamental frequency is increased by a factor 

of n which results in a reduction of LC EMI filter product by 1/n2. 

2.6 Effect Of Waveform Variations On System EMI 

In the previous analysis, the input current waveforms generated by each of the DCM 

Flyback converters were assumed to be identical. In a real system, these waveforms will 

have variations in amplitude and duty cycle. The switching frequency does not vary 

significantly between converters because the circuitry that generates the switching 

frequency for the master converter can be used to control the switching frequencies of the 

other converters. But differences in the primary transformer inductance of each converter 

can result in significant variations between the peak amplitudes of the input current 
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waveforms. Also, when the load changes, the converter tries to regulate the output 

voltage by changing the duty cycle. 

For a system of converters to have total cancellation of certain harmonics, the 

waveforms must have identical amplitudes and duty cycles and occur at intervals evenly 

spaced over the switching period of the combined waveform. If these parameters differ 

between waveforms, the combined frequency spectrum deviates from the ideal behavior 

discussed in the previous section. The effects of these variations can be determined 

mathematically by applying Equations 2.5 and 2.6 to each waveform, combining the 

coefficients a„ and b„ of each waveform and calculating the magnitude of each of the 

harmonics using Equation 2.8. The following sections investigate the impact that these 

variations have on the ability to reduce system EMI by combining the two waveforms with 

a phase shift of 180°. 

2.6.1 EMI Due To Variations In Amplitude 

In order to determine the effect that amplitude variations between converter 

waveforms has on the system EMI, a two converter system similar to the one shown in 

Figure 2.5 is analyzed. The two converters are assumed to be identical in every way 

except for a difference in the primary inductance values of the transformer. This 

difference can occur in a manufacturing environment where it is not always feasible to 

spend the time and money to ensure identical components. However, it can be controlled 

to be within a few percent of the nominal value. In this system, the primary inductance of 

each converter can be assumed to be within 10% of the nominal value. 

In a previous section, it was shown that if these two converters have identical input 

current waveforms and are combined with a 180° difference in phase, then there is total 
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cancellation of odd harmonics in the combined waveform. The magnitude of these 

harmonics were given in Equation 2.18. 

If, however, the two waveforms are combined with 180° phase shift and they have 

different peak amplitudes, Ai and A2, the odd harmonics will not totally cancel. This is 

shown mathematically in Equation 2.20. This equation shows how the amplitude 

variations between two waveforms effect the magnitude at each harmonic frequency and 

as expected, reduces to Equation 2. !8 when Ai equals A2. 

+^J ifnisoddand' 

= —\a.  + aA if n is even (2.20) 
nn 1  " 1  

If the same two waveforms are combined with a phase shift of 0° the harmonic 

magnitude of the combined waveform is given by Equation 2.21 which reduces to 

Equation 2.13 when Ai equals A2. 
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As a numerical example, the following parameters are chosen for the converter 

shown in Figure 1.1 the turns ratio, ni:n2 is 1:1, the peak primary inductor current, IG, is 

1.0 Amperes, the duty cycle, Di, is 50%, the switching frequency, fs, is 200kHz. and the 

input voltage, VG, is 28VDC. Substituting these values into Equation 1.22 the nominal 

value of the primary inductance was calculated to be 70|iH. In this system one converter 

has the nominal primary inductance of 70uH and the other converter's primary inductance 

is allowed to change by 10% to 63uH. In this way the primary inductance between the 



55 

two converters differs by the maximum amount while one converter retains the nominal 

value. The resultant peak amplitudes are 1.1 and 1.0 Amperes respectively. 

In the first case these two waveforms are combined with a 180° phase shift as shown 

in Figure 2.17. The combined waveform is then transformed into the frequency domain 

and is shown in Figure 2.18. It is apparent from Equation 2.20 as well as Figure 2.18 that 

the magnitude of the odd harmonic frequencies are no longer zero but are a function of the 

differences between the two peak amplitudes. The odd harmonics are still reduced in size, 

and can be effectively filtered by a filter designed to attenuate the even harmonics. 
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Figure 2.17-Two waveforms with different peak amplitudes are 
combined with a phase shift of 180 °. 
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Figure 2.18-The frequency spectrum of the combined waveform, 
la(0. of Figure 2.17 

In order to compare this case to the case where the waveforms have a 0° phase shift, 

the two waveforms are combined with a phase shift of 0° as shown in Figure 2.19. The 

corresponding frequency components are show in Figure 2.20. Comparison of these two 

frequency spectra shows that the fundamental is 20dB lower when the waveforms are 

combined with a phase shift of 180° than for the case of a 0° phase shift, even though the 

odd harmonics did not completely cancel. 
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Figure 2.19-Two waveforms with different peak amplitudes are 
combined with a phase shift of 0°. 
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Figure 2.20-The frequency spectrum of the combined waveform, 
Ia(t), of Figure 2.19 



58 

2.6.2 EMI Due To Variations In Duty Cycle 

When different loads are applied to identical converters the duty cycles change and 

the input current waveforms are no longer identical. A two converter system similar to 

that shown in Figure 2.5 is used to determine if the amount of EMI in this case can still be 

reduced by combining the two waveforms with a phase shift of 180°. 

In this case, the converters are assumed to be identical except they have different 

loads. The duty cycle of each converter is different as each converter regulates its own 

output voltage. The slope of the input current waveforms are the same but the peak 

amplitudes are different. The individual and combined waveforms are shown in Figure 

2.20. The top waveform has a peak amplitude of 1.0 Ampere, a switching frequency of 

200kHz. and a duty cycle of 50%. The middle waveform has the same switching 

frequency but since the duty cycle is 10% greater it has a peak amplitude of 1.1 Ampere. 

The bottom waveform, IG(t), is the result of the two waveforms combined with a phase 

shift of 0°. 
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Figure 2.21-Two waveforms with different duty cycles are 
combined with a phase shift of 0° 

The effects these variations have on the frequency content of the combined 

waveform can be derived symbolically using Equations 2.5-2.7 or graphically using 

PSPICE. Since the symbolic derivation is somewhat unwieldy, PSPICE is used to 

compare the frequency content of the two waveforms combined with a phase shift of 0° to 

the frequency content of the same two waveforms combined with a phase shift of 180°. 

The frequency content of the combined waveform, IG(t), of Figure 2.21 is shown in Figure 

2.22. 
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Figure 2.22-The frequency spectrum of the combined waveform, Ia(t), 
of Figure 2.21 

The same waveforms are combined with a phase shift of 180° as shown in Figure 

2.23 and the frequency spectrum of the combined waveform is shown in Figure 2.24. 

Comparison of the two frequency spectrum shows that the magnitude of the fundamental 

frequency is reduced by 18dB, even though the odd harmonics did not completely cancel 

when the two waveforms where combined with phase shift of 180°. 
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Figure 2.23-Two waveforms with different duty cycles are 
combined with a phase shift of 180 ° 
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Figure 2.24-The frequency spectrum of the combined waveform, 
Ia(t), of Figure 2.23 
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2.7 Reduction of RMS current 

Another reason to combine 'n' triangular waveforms with a phase shift equal to 

360°/n is to reduce the amount of RMS current in the combined waveform [7]. As an 

example, consider the two identical waveforms of Figure 2.8 which are combined with a 

phase shift of 0°. The RMS current of this combined waveform is 0.8165 ARMS This 

amount is derived from Equation 2.22 and Figure 2.8 where the duty cycle, D, is 0.5 and 

the peak amplitude, Ipk, is 2.0 Amperes. When the same waveforms are combined with a 

phase shift of 180°, as in Figure 2.10, the switching period of the combined waveform 

increases to 400kHz, the duty cycle, D, is now equal to 1.0 and the peak amplitude is 1 

Ampere. The RMS value in this case is 0.5774 ARMS which is 30% lower than the 

previous case. 

Decreasing the amount of RMS current in the combined waveform reduces the 

power that is dissipated when the current flows through a resistive element. One type of 

resistive element that may be effected by the RMS current is the ESR associated with the 

low frequency shunt capacitor used in an EMI filter. If the ESR and the RMS current are 

large, the capacitor must be able to dissipate the power without adversely effecting the 

operation of the capacitor. 

(2.22) 
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CHAPTER 3 

DESIGN, SIMULATION AND MEASUREMENT OF A SYSTEM OF 
TWO DCM FLYBACK CONVERTERS AND EMI FILTER 

3.0 Introduction 

In the first part of this chapter a system of two parallel DCM Flyback converters 

with similar switching frequencies is designed and constructed. This system is capable of 

combining the input current waveforms, Ia(t), generated by each converter with a phase 

shift of 0° or 180° on the voltage bus. The input current waveforms generated by each 

converter is measured on an oscilloscope and the EMI of the combined waveform is 

measured on a spectrum analyzer for each of the phase relationships. The system 

operation is then simulated using PSPICE. The measured input current waveforms are 

modeled as ideal triangular waveforms and are combined with a phase shift of either 0° or 

180°. The amount of simulated EMI is measured for each case. These simulated 

measurements are then compared to the experimental measurements to show how 

accurately the ideal triangular waveform models the true input current waveform 

generated by a DCM Flyback converter. This experiment also shows that the conducted 

EMI on the voltage bus can be substantially reduced if the two input current waveforms 

have a phase difference of 180°. 

Even though there is a substantial reduction in the amount of EMI when the two 

converters are 180° out of phase, the system EMI in both cases exceeds acceptable limits. 

The second part of this chapter contains the design, simulation and construction of the 

EMI filters required for each case. The design illustrates the benefit of combining the two 

waveforms with a phase shift of 180°. By combining the two input current waveforms in 

such a way, the magnitude of the fundamental frequency and all odd harmonics of the 

combined waveform are significantly reduced. This effectively doubles the fundamental 
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frequency of the combined waveform. Since the EMI filter is designed to provide 

sufficient attenuation at the fundamental frequency, which is now twice the frequency as 

when the waveforms are combined with a phase shift of 0°, the required amount of EMI 

filter is theoretically reduced by a factor of four. An EMI filter is first designed for the 

case where the input current waveforms are combined with a phase shift of 0°. The actual 

filter, including measured parasitic elements is simulated using PSPICE. This simulated 

filter is used to filter the simulated combined input waveforms and the simulated EMI is 

reduced to the desired level. This filter is then constructed and used to filter the combined 

input current generated by the converters. The amount of EMI is then measured using the 

spectrum analyzer and found to be very close to the simulated value. 

The last part of this chapter contains a filter design for the case where the two input 

current waveforms are combined with a phase shift of 180°. The reduction of the EMI 

filter by one fourth is incorporated by reducing the value of the low frequency inductor by 

a factor of four while keeping all other parameters constant. This filter and the combined 

input current waveform is also simulated and the amount of the EMI of the simulated 

filtered waveform measured. This filter is then constructed and used to filter the combined 

input current generated by the converters. The amount of EMI is measured and compared 

to the simulated EMI value. In both cases, the measured values are very close to the 

simulated values. 

3.1 System of Two DCM Flyback Converters 

The system shown in Figure 3.1 is used to illustrate the advantages of combining 

triangular waveforms in such a way that the resulting peak amplitude is minimized. This 

reduces the amount of both the conducted EMI and the RMS current that is seen on the 

voltage bus. The advantages are the ability to use a smaller EMI filter and components 

with lower power ratings. 
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Figure 3.1-System of Two SMPS 

For simplicity, this system contains only two switched mode power supplies (SMPS) 

connected in parallel on the DC voltage bus. These power supplies are DCM Flyback 

converters with triangular input current waveforms that are characteristic of all SMPS. 

The particular way that the individual waveforms combine on the voltage bus depends 

upon the phase relationship between the gate drivers of each MOSFET. It is the 

frequency content of this combined waveform that determines the amount of EMI that will 

appear on the dc voltage bus. 

It has been previously shown that if two identical triangular waveforms are 

combined with a phase shift of 180° both the conducted EMI and the RMS current on the 

voltage bus can be minimized. Since it is impossible to construct and operate two 

converters with identical input current waveforms, an attempt was made to minimize the 

differences. This was achieved by designing two identical converters that supply power to 

constant loads. In this way the only differences between the individual waveforms are due 

to variations between individual components. 

3.2 System Design 

The schematic diagram of the system is shown in Figure 3.2. A pulse width 

modulator (PWM) is used in each converter to control the switching frequency and 

regulate the output voltage. The PWM used in this application is the Unitrode 1846 
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current mode PWM controller. This PWM has synchronization capabilities and dual 

output gate drivers that are phase shifted by 180°. These features are used to synchronize 

the two converters and provide both 0° and 180° phase shift between the two input 

current waveforms. 
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Figure 3.2-System Schematic Diagram 

The converter design procedure is similar to that described in Chapter 1 with 

VG=12Vdc, Vo=5Vdc, Rl=5£2, Di=0.45 and the peak value of Ic(t)=2.5 Amperes. The 

resulting primary and secondary inductance of the transformers are 8(iH and 5|iH 

respectively. The transformers were designed using a series 1408 pot core with an AL of 

100 and AWG 28 insulated wire. The 2N6796's are N-Channel Enhancement-Mode 

Power Field-Effect Transistors and the diodes are 1N5811. 

If the load of the converter is removed, the output voltage can exceed safe operating 

levels. This can be seen from Equation 1.21 as RL goes to infinity. To prevent this, a 
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lOOkQ resistor, Ri, is connected across the output of each converter. In order to provide 

hold up capability [7], four 110|uF electrolytic capacitors were connected between the 

voltage bus and ground on each converter. Two 110pj.F and two l|iF capacitors are also 

connected across the output of each converter to limit the amount of voltage ripple. 

The converter on the left side of Figure 3.2 is the master and the one on the right is 

the slave. In this configuration the 200kHz switching frequency of the master converter is 

set by C5 and R5 which in turn sets the switching frequency of the slave converter. If this 

PWM had a single gate drive, this configuration would insure that the two converters 

were always in phase with each other. However, since this PWM has two gate drivers 

that have a phase difference of 180°, it is possible that the two converters will have a 

phase difference of either 0° or 180°. This depends on how the master synchronization 

pulse triggers the gate drivers of the slave PWM at turn on. By connecting the gate of 

each MOSFET to the same output driver on each PWM, the two input current waveforms 

will be combined with either a 0°or 180° phase shift simply by resetting the bus voltage 

.until the desired condition is obtained. The frequency content of this combined waveform 

can then be measured using a spectrum analyzer for both of the phase relationships. 

3.3 System Construction and Measurement of EMI 

The system of Figure 3 .2 was constructed on a "vector" board with one side coated 

with copper. The components were connected at isolated points and the ground plane 

was kept as large and as continuous as possible. This type of "vector" board used in this 

manner provides an excellent ground plane that minimizes noise problems. The voltage 

bus is supplied by an external 12V dc power supply. When power was applied to the 

system the converters regulated the outputs at 5Vdc and the input current waveforms, 

IGO), generated by each converter could be measured by a current probe. 
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In order to compare the two waveforms it was necessary to apply a fixed load to 

each converter. A 10Q load was selected and applied to the output of each converter. 

The waveforms were then measured individually using a current probe around the primary 

transformer wire where it is connected to the voltage bus. A plot containing the MOSFET 

gate voltage and IG(t) generated by the master converter is shown in Figure 3.3. The top 

waveform is the gate voltage measured at lOVolt/Division and the bottom waveform is 

IG(0 measured at 1 Ampere/Div. The current waveform has a frequency of 200kHz with a 

peak amplitude of 2.4 Amperes and a duty cycle of 0.32 with the 10£1 load. 
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Figure3.3-Master Converter's Gate Voltage (top- lOVdiv) 
and Input Current (bottom) Waveforms Measured on 
Oscilloscope 

The input current generated by the slave converter is identical to this waveform with 

the exception that the peak amplitude is 2.2 Amperes. This difference is due to 

transformer variations between the two converters. 
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The combined waveform is also measured using the current probe at the voltage bus. 

When the two converters are in phase with each other the waveforms combine as shown in 

Figure 3.4. The top waveform is the Master gate voltage with lOVolts/division and the 

bottom waveform is the slave IG(t) with 1 Ampere/division. Note that the switching 

frequency and the duty cycle remained the same but the peak amplitude is now the sum of 

the individual peak amplitudes. 

" | •! 
h ---r'-

1 

P 1 1 •< r 

k 

/ 
/ 

> 
TIME (2u seconds/division) 

Figure3.4-Master Converter's Gate Voltage (top- lOV/div) 
and 0° Combined Input Currents (bottom-1 A/div) 
Waveforms Measured on Oscilloscope 

The frequency content of the combined waveform is measured with a spectrum 

analyzer as shown in Figure 3.5. The y-axis is logrithmic magnitude in units of dBm with 

grid spacing of 1 OdBm/division. The x-axis is a linear scale of frequency in units of Hertz 

with grid spacing of 200kHz/division. The frequency range is from 100kHz to 2MKz 

which shows the magnitude of the first ten harmonics. The magnitude at 200kHz is 
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measured as 23dBm which converts to 121dB|aA by taking into account the current probe 

factor at 200kHz. 

40 
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Figure 3.5-Frequency Spectrum of the Combined Waveform 
of Figure 3.4 

These measurements are repeated with the converters input current waveforms 

combined with a phase difference of 180°. This condition is obtained by switching the bus 

voltage off and on at the external power supply until the control chips inverted their 

output signals so the waveforms combined with a phase shift of 180°. All other system 

parameters remained the same. The combined waveform is shown in Figure 3.6. The 

harmonic content of this waveform measured on the spectrum analyzer is shown in Figure 

3.7. Here the magnitude at 200kHz is 0.96dBm or 99dB|aA which is approximately 22dB 

lower than it was for the case where the waveforms were combined with a phase shift of 

0°. Also worth noting is the fact that the magnitude of the even harmonics remain the 

same in both cases but the magnitudes of the odd harmonics are consistently lower in the 

case where the two waveforms are 180° out of phase. 
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Figure3.6-Master Converter's Gate Voltage (top- lOV/div) 
and 180 ° Combined Input Currents (bottom- JA/div) 
Waveforms Measured on Oscilloscope 
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Figure 3.7-Frequency Spectrum of the Combined Waveform 
of Figure 3.6 



72 

3.4 EMI filter Design, Construction and Measurement 

Although there is a significant reduction in the magnitude of the fundamental 

frequencies between the two cases, the frequency spectrum for both cases still exceeds the 

EMI limit described in Figure 1.7. The harmonic magnitudes at the fundamental frequency 

are approximately 49dB and 71dB over the limit when the two waveforms are combined 

with 180° and 0° phase shift, respectively. 

As mentioned earlier, if two identical triangular waveforms are combined with a 

phase shift of 180°, the fundamental frequencies and all the odd harmonics would cancel. 

This effectively moves the fundamental frequency from 200kHz to 400kHz and the 

required EMI filter could have a low frequency LC product one fourth the size of the 

product needed for the case where the two waveforms are combined at 0°. Although the 

waveforms are not identical, they are similar enough for this theory to work. This will be 

shown in the following sections where two EMI filters will be designed and constructed. 

The first one will be designed for the 'worst' case when the waveforms are combined with 

a 0° phase shift and the second for the case when the waveforms are combined with a 

180° phase shift. The only parameter that will change between the two filters in the value 

of the low frequency inductor. The low frequency inductance needed for the worst case 

filter will be four times the inductance needed for the other filter. 

3.4.1 EMI Filter Design-Converters in Phase 

The EMI filter was first designed for the case where the two waveforms are 

combined with a phase shift of 0°. This filter must be able to reduce the frequency content 

of Figure 3.5 by 71dB at 200kHz. In order to simulate the effectiveness of the filter 

during the design process, the unfiltered combined waveform of Figure 3.4 was modeled 

as an ideal triangular waveform using PSPICE. The frequency spectrum of this waveform 

was also generated using PSPICE and is shown in Figure 3 .8. 
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Figure 3.8-Simulated Frequency Spectrum of Waveforms 
Combined with 0 ° Phase Shift 

The magnitude of the fundamental frequency of this simulated waveform is 

123dB(iA. This value is very close to the 121dB|aA that was measured using the 

spectrum analyzer. Now that a model for the unfiltered waveform has been generated, the 

next step is to model the filter. 

The ideal filter: 

The EMI filter design procedure is similar to that discribed in Chapter 1.4. The ideal 

filter for this application is shown in Figure 3.9, where Io(t) and IBO) are the unfiltered and 

filtered input current waveforms generated by the two DCM Flyback converters. The 

filter attenuation is shown mathematically in Equation 3.1. The attenuation is derived 

graphically using Equation 3 .1 and the Method of Asymptotes [7] and the result is shown 

in Figure 3.10. This 'ideal' filter has infinite Q at the corner frequencies Fl and F,f. The 

mathematical expressions for these frequencies are shown in Equations 3.2 and 3.3. The 

attenuation of this filter at 200kHz is 120dB which is 48dB over the required attenuation 
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of 72dB. This margin should allow for the non ideal component parameters that are 

inherent to the filter components. 
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Figure 3.9-EMI Filter with ideal elements 
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Figure 3.10-Current Attenuation of Filter of Figure 3.9 
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The filter with parasitic elements: 

As mentioned earlier, components such as capacitors and inductors are not ideal. 

Their behavior changes over frequency. This non ideal behavior is caused by parasitic 

elements that are due to the physical construction of the components. In order to 

correctly model the filter, these parasitic elements must be included. 

The parasitic elements of the main filter components were measured using a network 

analyzer. These parasitics are added to the ideal filter model as shown in Figure 3.11. 

Also included at this time are the parasitics, LB and RB, that are inherent to the voltage 

Bus. The attenuation of this filter is shown mathematically in Equation 3.4 and is derived 

graphically using the Method of Asymptotes [7] in Figure 3.12. The mathematical 

expressions relating each corner frequency to the filter elements are shown in Equations 

3.5-3.13. 
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Figure 3.11-The Filter with Parasitic Elements 
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The filter with damping components: 

In order to simulate how well the filter attenuates the unfiltered waveform of Figure 

3.4, all resonant points must be sufficiently damped. This is necessary to insure that 

PSPICE converges in a timely manner. It is also desirable to dampen any resonance points 

that occur at or below the power supply switching frequency. This will prevent stability 

problems within the feedback loops that regulates the power supplies. 

There are three resonant points that must be damped in order to simulate the filter 

operation using PSPICE. The first one at 720Hz is caused by LL and CL, the second at 

54kHz is due to LH and CH and the third one at 71 MHz is caused by LBus and the parasitic 
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capacitance of LH. These resonant points are damped using a series capacitor and resistor 

network that is added as shunt elements to the filter as shown in Figure 3.13. CDI and RDI 

are used to damp the resonance between LBUS and CPLH- Cm and RD2 are used to damp 

the resonance between LH and C» and CD3 and RD3 are the damping elements for the 

resonance between Ll and CL. The values of the damping capacitors are chosen to be 

approximately ten times the value of the capacitor that is being damped. The values of the 

damping resistors are determined by the characteristic impedance of the resonant elements, 

Rd=(L/C)"2. 

3(t) 

rr^ -L-rv~* 
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/-VY-V-1-
LH 
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1 2Vdc 
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p- 1 9 u F ^ l iuF  
4RP1 
•-08 

'Lp1 
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1 0  

rvwi-
LL 

CD2 175uH i 
280uF .. 2800uF 

Rp2 
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Lp2 
54nH 
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0.79 

Figure J. 13-EM1 Filter with Parasitic and Damping Elements 

The current attenuation of the simulated filter with damping and parasitic elements is 

shown in Figure 3.14. This figure shows the adverse effect that the parasitic elements 

have on the attenuation of the filter. The filter can still properly attenuate the input 

current waveform even though the attenuation has decreased from 120dB to 91dB at 

200kHz. 
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Figure 3.14-Current Attenuation of Filter with Parasitic and 
Damping Elements 

The ability of the filter to attenuate the input waveform is demonstrated using 

PSPICE. The resulting frequency spectrum of the filtered waveform is shown in Figure 

3.15. The magnitude of the fundamental frequency is 35dB|aA which is well below the 

50dB|iA EMI limit at that frequency. 
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Figure 3.15-Simulated Frequency Spectrum of the Filtered 
Output when the Waveforms are Combined 
with a 0 °Phase Shift 

The construction and measurement of the filter: 

The filter was constructed on a separate "vector" board. This vector board also had 

one side coated with copper to provide a good ground plane. The power supply board 

and the filter board were attached on one side by short jumper wires soldered to the 

ground planes every 1/4 inch. This provides a good ground plane between the power 

supplies and the filter. The inductors were placed away from the power supply 

transformers and fairly far apart from each other to prevent coupling, the extra length in 

these series elements will not reduce the efficiency of the filter. If anything it will add a 

few tenths of a nH to the inductance. On the other hand, the lead length on the capacitors 
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are kept to a minimum since any additional amount of lead inductance in the shunt 

elements of the filter could reduce the efficiency of the filter. 

The two "hold-up" capacitors, CH, connected to the voltage bus at each converter 

input were removed at this time to prevent them from adding to the low frequency filtering 

capacitor, Cl. The 2,800|aF damping capacitor, Cd3, and the damping resistor, RD3, are 

not included in the actual filter design because of the size and cost of such a capacitor. 

This damping network was included in the PSPICE analysis primarily to ensure that 

PSPICE converged in a timely matter. If stability problems arise due to this resonant 

point, this damping network or another more suitable damping network can be added to 

the filter. For convenience in constructing the filter the two remaining damping networks 

are connected to isolated points on the ground side of the board. 

After power is applied to the system, the phase relationship between the two input 

current waveforms is verified to be 0°. The filtered waveform is measured with the 

spectrum analyzer as shown Figure 3.16 where the y-axis is logrithmic magnitude 

measured in lOdBm/division and the x-axis is frequency in 200kHz/division. The 

magnitude at 200kHz is -75.1dBm which is well below the limit of -48dBm at that 

frequency. The filter attenuated the input current by 98dB which is very close to the 

simulated filter attenuation of 91dB at 200kHz. The extra 7dB of attenuation is probably 

due to a discrepancy in measuring the parasitic elements of the filter elements. 
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Figure 3.16-Filtered Frequency Spectrum of the Input Current Waveform 
Shown in Figure 3.4 

3.4.2 EMI Filter Design-Converters 180° out of Phase 

When the two input current waveforms combine with a phase shift of 180° as shown 

in Figure 3.6, the resultant frequency spectrum was measured as shown in Figure 3.7. 

Since the EMI limit is -48dBm at 200kHz, the filter must provide at least 49dB 

attenuation at this frequency. 

The goal of the filter is to provide sufficient attenuation at the fundamental 

frequency, in this case 200kHz. If the two waveforms are identical and they are combined 

with a phase shift of 180°, the fundamental frequency and all the odd harmonics would 

cancel. This causes the fundamental frequency of the combined waveform to shift from 

200kHz to 400kHz. The filter can then be designed for the higher frequency with the low 

frequency filter components, Ll and CL, having an LC product one fourth the value 

needed to filter the waveforms combined with a 0° phase shift. 

Even though the two waveforms are not identical, when they combine with an 180° 

phase shift the harmonic magnitude at 200kHz is decreased by 22dB. This can be seen by 

< >-7 5.1dB ii 

J H. lv \HJ>4 ^WlW fVwfJ 

I.I ' 2.0 
FREQUENCY (MHz) 
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comparing the measured frequency spectra of Figure 3.5 to Figure 3.7. This partial 

cancellation in the fundamental frequency naturally leads to investigating a filter design 

that uses an LC product one fourth the value used in the previous filter. 

Filter Design: 

In order to simulate the effectiveness of this filter during the design procedure, the 

combined input waveform of Figure 3.6 was modeled using PSPICE. The simulated 

frequency spectrum of this unfiltered waveform is shown in Figure 3.17. Comparing this 

simulated frequency spectrum to that measured in Figure 3.7 shows very good correlation 

between simulated results and actual measured values. At 200kHz the simulated 

magnitude is 96dB|aA and the measured value converts to 99dB^A at 400kHz the 

simulated magnitude is 120dB|j.A and the measured value converts to 119dB|iA. 

10A- - - - - — 

*— 120dBuA 

96dBuA 
lOOmAn 

FREQUENCY (MHz) 

Figure 3.17-Simulated Input Current Waveforms Combined 
with a Phase Shift of 180° 
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In order to show that the filter can be successfully designed with a low frequency LC 

product one fourth the size of the original filter, the value of the low frequency inductor, 

LL, is reduced by a factor of four. The original filter was modified to allow Ll to be 

removed and replaced with the smaller inductor. This eliminates the possibility of 

variations due to component tolerances or filter lay-out. The value of is 44|jH which is 

one fourth the value of the original 175|iH inductor. 

The original simulated filter was modified to incorporate the smaller inductor. The 

simulated current attenuation is shown in Figure 3.18. The attenuation at 200kHz is 79dB 

and lOOdB at 400kHz. This filter should attenuate the waveform down to approximately 

17dB^iA at 200kHz and 20dB^A at 400kHz, well below the EMI limit. Figure 3.19 

shows the simulated waveform after it has been filtered. 

OdB 

dB AT 2Q0KHZ 

< 

10n+— 
100 100M IK 10K 100K 10M 1M 

FREQUENCY (Hz) 

Figure 3.18-Attenuation of Simulated Filter for the Case 
Where the Two Waveforms are 180° Out of Phase 
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Figure 3.19-Simulated Filtered Output when Waveforms are 
Combined with 180° Phase Shift 

Filter measurement: 

The 175|iH inductor in the original filter was removed and replaced with a 45(iH 

inductor. With power applied to the voltage bus, the waveform was verified to be the two 

waveforms combined with 180° phase difference. The filtered output was then measured 

using the spectrum analyzer as shown in Figure 3.20. The harmonic magnitude at 200kHz 

is -81dBm and -78dBm at 400kHz. Once again, these values correspond very closely to 

those obtained by simulating the filtered waveforms. At 200kHz the simulated value was 

16dB|aA and the measured value converts to 17dB(iA. At 400kHz the simulated value 

was 25dB|aA and the measured value converts to 20dB(jA. 
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Figure 3.20-The Filtered Combined Input Current Waveform, 
IG(t), Shown in Figure 3.6. 
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CHAPTER 4 

SUMMARY OF THESIS AND CONCLUSION 

The Discontinuous Mode (DCM) Flyback Switched Mode Power Supply (SMPS) 

converts an input voltage into a desired output voltage through the use of a transformer, 

clamping diode, and a switching element. The switching element in this type of SMPS 

generates a triangular input current waveform that is conducted back onto the input 

voltage bus in the form of Electromagnetic Interference (EMI). This conducted EMI can 

exceed limits that are determined by the particular application of the SMPS. For example, 

a SMPS that is used in a military application may be required to meet MIL-STD-461 

CE03, which is the military standard that states the maximum amount of EMI that can be 

conducted onto a power bus by a current waveform. 

In Chapter 1, a typical DCM Flyback SMPS is simulated using the electronic 

circuit simulation tool, PSPICE, to demonstrate the amount of EMI that is conducted onto 

the input voltage bus by the input current generated by a single SMPS. The conducted 

EMI of the simulated SMPS is approximated by transforming the time varying input 

current waveform into the frequency domain by means of a Fourier Transform. The 

magnitude of each harmonic frequency is then scaled for direct comparison to MIL-STD-

461 CE03 and is found to exceed the limit by 70 dB at the fundamental frequency. This 

simulated frequency spectrum is shown in Figure 1.7. In order for this SMPS to comply 

with MIL-STD-461 an EMI filter similar to the one shown in Figure 1.9 must be added to 
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the voltage bus. Since these filters are costly, both in the physical and monetary sense, it 

is important to minimize the amount of filtering that the EMI filter must provide. 

In Chapter 2, the input current waveform of a typical DCM Flyback SMPS is 

modeled as an ideal triangular waveform. The low frequency accuracy of this model is 

demonstrated by a comparison of the frequency spectra of the input current waveform 

generated by a simulated DCM Flyback SMPS and an ideal triangular current waveform 

using PSPICE. The frequency spectrum of these waveforms are obtained by performing a 

Fourier Transformation on the individual time varying waveforms using PSPICE and are 

shown for comparison in Figure 2.3. The waveforms have identical harmonic magnitude 

for frequencies below about 10MHz. It is at this point that a resonance between the 

parasitic elements of the simulated SMPS occurs which causes the harmonic magnitude to 

increase above that associated with the ideal triangular waveform. For frequencies above 

this resonant point, the harmonic magnitude of the triangular waveform is actually larger 

than the simulated input current waveform. This is due to the fact that the sharp peaks of 

the ideal triangular waveform generate high frequency harmonics with greater magnitudes 

than the more rounded peaks of the simulated input current waveform. Since the EMI 

filter is designed to reduce the magnitude of the fundamental frequency, and by doing so 

provides sufficient attenuation for the higher frequency harmonics, this ideal triangular 

waveform is found to be an acceptable model for the input current waveform generated by 

a DCM Flyback SMPS. 
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When n SMPS share a common DC voltage input source, the individual input 

current waveforms combine on the input voltage bus. The manner in which these 

waveforms combine is determined by the switching frequency, phase relationships, duty 

cycles and peak amplitudes of the individual waveforms. It is these parameters that 

determine the amount of EMI that is conducted onto the input voltage bus by the 

combined input current waveforms. 

In this work it is assumed that the system of multiple SMPS consists of DCM 

Flyback converters whose input current waveforms are represented by ideal triangular 

waveforms with identical switching frequencies and that the phase relationship between 

these waveforms can be controlled. It is the goal of this work to reduce the amount of 

combined EMI generated by this system by optimizing the phase relationship between the 

individual input current waveforms. 

In order to predict the effect that the phase relationship has on the amount of EMI, 

n ideal triangular waveforms are combined with various phase shifts and the resultant EMI 

is examined. To do this in a systematic way, a symbolic Fourier Series representation is 

derived and shown in Equations 2.5-2.8, and is used to determine the optimum phase 

relationship that minimizes the EMI when the waveforms are combined. In the first part 

of the analysis discussed in Chapter 2.3 it is assumed that the waveforms are identical. In 

this case the largest amount of EMI occurs when the n waveforms combine with a phase 

shift of 0°. Here the frequency spectrum of the combined waveform retains the same 

fundamental frequency as the individual waveforms but the harmonic magnitude of the 
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combined waveform increases by a factor of n. An example of this is shown in Figure 2.9 

where two identical waveforms with a switching frequency of 200KHz are combined with 

a phase shift of 0°. The fundamental frequency of this combined waveform is 200KHz and 

the resulting harmonics have twice the magnitude as the individual waveform. It is also 

shown that the amount of EMI is minimized when the same n waveforms combine with a 

phase shift equal to 360°/n. Here n-1 out of n harmonics cancel and the fundamental 

frequency increased by a factor of n. An example of this is shown in Figure 2.11 where 

the frequency spectrum of the same two waveforms combined with a phase shift of 180° is 

given. Here it can be seen that 1 out of 2 harmonics have been canceled, the magnitude of 

the other harmonics remain the same as the previous case and the fundamental frequency 

increases to 400KHz. 

When the effects that variations in amplitude and duty cycle have on the amount of 

combined EMI are examined in Chapter 2.6, it is shown that even though there is no 

longer a total cancellation of n-1 out of n harmonics, the magnitudes of these harmonics 

can be reduced enough to effectively increase the fundamental frequency of the combined 

waveform by a factor of n when the waveforms are combined with a phase shift equal to 

360°ln. An example of this is shown in Chapter 2.6.2 where the frequency spectrum of 

two waveforms that contain variations in amplitude and duty cycle are combined with 

phase shifts of 0° and 180°. In this case both waveforms have the same switching 

frequency of 200KHz but there is a 10% difference in both duty cycle and amplitude 

between the two waveforms. The frequency spectrum that results from combing these 
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two waveforms with a phase shift of 0° is shown in Figure 2.22. Here the fundamental 

frequency is 200KHz and the magnitude of the first and second harmonic is 806m and 

305m Amperes respectively. When the same two waveforms are combined with a phase 

shift of 180° the resulting frequency spectrum of the combined waveform is shown in 

Figure 2.24. Here the magnitude of the odd harmonics are significantly less than the odd 

harmonics generated in the previous case. The magnitude of the first harmonic is down by 

19dB. It is also worth noting that the magnitude of the even harmonics remains the same 

for both phase conditions. 

Another advantage of combining n triangular waveforms with a phase shift equal 

to 360°/n is to reduce the amount of RMS current in the combined waveform. An 

example of this is shown in Chapter 2.7 where two identical waveforms are combined with 

a phase shift of 0° as shown in figure 2.8 and then 180° as shown in Figure 2.10. The 

RMS current for both cases is computed using Equation 2.22 and the RMS is compared. 

When the two waveforms are combined with a phase shift of 0° the RMS current is 0.82 

Amperes (RMS). When the same two waveforms are combined with a phase shift of 180° 

the RMS current is 0.58 Amperes (RMS) which is 30% lower than the previous case. 

This decrease in the amount of RMS current in the combined waveform reduces 

the power that is dissipated when the current flows through a resistive element. One type 

of resistive element that may be effected by the RMS current is the ESR associated with 

the low frequency shunt capacitor used in an EMI filter. If the ESR and the RMS current 
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are large, the capacitor must be able to dissipate the power without adversely effecting the 

operation of the capacitor. 

To verify that the EMI in a system of n SMPS can be significantly reduced by 

combining the n input current waveforms with the optimal phase shift, a system of two 

DCM Flyback SMPS is designed and constructed and the results shown in the first part of 

Chapter Three. The input current waveforms generated by these two SMPS are designed 

to be identical but due to component differences there is a 0.2 Amperes variation between 

the peak amplitudes of the two waveforms. The system is designed to provide either a 0° 

or a 180° phase shift between the input current waveforms and the loads are fixed and 

identical. The combined EMI is then measured for both phase conditions. The two 

waveforms are first combined with a phase shift of 0° and the EMI is measured on the 

spectrum analyzer as shown in Figure 3.5. The phase shift is then changed to 180° and the 

EMI is again measured as shown in Figure 3.7. It is found by comparing these two figures 

that the magnitude of the even harmonics remains the same while the magnitude of the 

odd harmonics in the second case is significantly lower than in the first case. In fact the 

magnitude of the first harmonic is down by 22dB. 

Even though the magnitude of EMI is substantially reduced by combining the 

waveforms with a phase shift of 180°, the conducted EMI in both cases exceeds the EMI 

limit described in MIL-STD-461 CE03. The harmonic magnitudes at the fundamental 

frequency are approximately 71dB and 49dB over the limit when the two waveforms are 
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combined with a phase shift of 0° and 180° respectively. In order to meet the above EMI 

requirement an EMI filter must be included. 

The second part of Chapter Three contains the design, simulation, construction 

and experimental results of the EMI filters required for each case. It was shown in 

Chapter Two that if two identical waveforms with switching frequencies of 200KHz are 

combined with a phase shift of 180°, the fundamental frequency and all the other odd 

harmonics will cancel. This effectively moves the fundamental frequency from 200KHz to 

400KHz and the LC product of the required EMI filter is reduced by a factor of four. 

This reduction can be seen from Equation 1.32 where the LC product refers to the low 

frequency capacitor and inductor that generate the low frequency roll-off point, Fa. When 

the fundamental frequency is doubled, Fo can be increased by the same amount and still 

provide sufficient attenuation at the fundamental frequency. By increasing Fa by a factor 

of two, the LC product is reduced by a factor of four. 

Even though the two waveforms in this system are not identical, it is shown that 

the LC product of the EMI filter can be reduced by a factor of four if the two waveforms 

are combined with a phase shift of 180°. To show this an EMI filter is first designed for 

the 'worst' case where the two waveforms are combined with a phase shift of 0°. The 

value of the low frequency inductor is then reduced by a factor of four and used to filter 

the combined current when the phase shift is changed to 180°. To show this, the 'worst' 

case EMI filter is designed and simulated. The design of this filter is shown in Figure 3.11 

with the parasitic elements included. The parasitic elements were measured and included 
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in the PSPICE simulation to determine the effect they have on the attenuation of the filter. 

Figure 3.12 shows the attenuation with the corner frequencies defined in terms of filter 

components and parasitic elements. In order to simulate the ability of this filter to 

properly attenuate the combined waveform, the input current waveforms that were 

generated by the two SMPS are also simulated on PSPICE where they are combined with 

a phase shift of 0° and transformed into the frequency domain by a Fourier transform as 

shown in Figure 3 .8. A comparison of the simulated and measured frequency spectrum of 

the combined current waveforms show that the simulated waveforms generate a frequency 

spectrum that is within 2dB of the measured frequency spectrum shown in Figure 3.5. 

The simulated combined waveform is then filtered by the simulated filter and the filtered 

output is shown in Figure 3.15. This simulation shows that an attenuation of 91dB can be 

expected at the fundamental frequency by this filter. 

The filter is then constructed and used to filter the combined input current 

waveform generated by the two SMPS. The filtered waveform is shown in Figure 3.16 

were it can be seen that the filter attenuation at the fundamental frequency is 98dB which 

is very close to the simulated filter attenuation of 91 dB. 

The low frequency inductor is then reduced by a factor of four and the input 

current waveforms are combined with a phase shift of 180°. A simulation is performed 

with the modeled waveforms combined with a phase shift of 180° and the low frequency 

inductor reduced in value by one fourth. The simulated attenuation of this filter is shown 

in Figure 3.18 where the attenuation at the switching frequency is given as 79dB. The 
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filtered combined waveform is then measured on the spectrum analyzer and the 

attenuation at the switching frequency is 81dB which is very close to the simulated 

attenuation of 79dB. In both cases the filtered waveforms are well below the EMI limit 

specified by MIL-STD-461 CE03. The amount of inductance needed for the case when 

the two waveforms are combined with a phase shift of 180° is 25% less than needed when 

the waveforms are combined with a phase shift of 0°. 
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