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6. Switching Losses 
 
The work required to move a certain charge between the 
conductors of a capacitor is given by: 

2
2

0 2
1

2
1

C

Q

q CC VC
C

QdqVW ⋅⋅=⋅=⋅= ∫ =
, where CV  is the 

resulting voltage change. 
In the case of Cgs this voltage change is fixed and 
independent of the drain-to-source voltage. According to 
the previous expression, the contribution of this 
capacitance to the switching energy losses will be 

cyclesswGSGSGS NVCW .
2 ⋅⋅= , considering the total 

number of switching cycles in the period. 
The magnitudes of the single-end voltages change, 
considering the relation between common mode and 
differential voltages can be expressed by: 

22 42
2

batbat

bat
DS

VVoVVo
VVoV

⋅++⋅−

⋅⋅
=Δ

 (6) 
The same voltage excursion occurs in the parasite Cgd 
capacitors, even considering the gate-to-source voltage 
change. 
For an Fo Hz sinusoidal output voltage with peak 
amplitude Vpk, with switching frequency Fsw, it’s 
possible do determine the total energy spent in voltage 
cycling one Cgd capacitor in one entire Fo cycle, ignoring 
the difference between the ripple voltages of two switching 
semi-cycles: 
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And this expression can be used to determine the average 
power loss as: 
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At turn off time, the input switch is conducting the peak 
inductor current, and is subject to the output voltage plus 
battery voltage. Considering that the current transitions 
occur linearly, the energy released as heat during each 
crossover time is: 

cPKDSDSc tIVW ⋅⋅⋅=
2
1  (8)

 
Applying equations (4) and (5) from the previous section, 
the peak inductor current is determined: 

( ) ( )
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DV

I
SW

esrbatbat
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⋅−⋅
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−⋅
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2

1
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 (9) 

Expression (10) can be modified to sum up the total energy 
and obtain the crossover power loss in sinusoidal 
operation: 
 

∑
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7. Choice of Passive Components 
 
We may consider that a converter with power bandwidth 
of 40 kHz is one that can reproduce sinusoidal waveform 
with this frequency, at rated output voltage, in the present 
case GdcVbat ⋅⋅2 , 126 Vpp. 
The system could achieve the required voltage swing 
dynamically, but to stay on the safe side, it is better to 
consider that the required slew rates are obtained with 
slope-steady voltages. This can be interpreted as a 
requirement that the output voltage should stabilize at the 
same speed, or faster, than the slew rate of the considered 
sinusoidal waveform. 
Another concern should be stability, which, if 
approached with a classical point of view, would make 
believe that the system is unstable, because of zeroes 
with positive real part, along with some other features. 
The simulations, however, prove the system is 
convergent for a wide range of filter values and operating 
points. 
These criteria gives limit to the highest possible values 
for capacitors and inductors, but puts no limit to how fast 
and accurate the system can be, as long as the resulting 
input ripple currents and output ripple voltages are 
tolerated.  
Figure 9 shows one possible bode plot of the obtained 
small-signal transfer function, using the design 
conditions and arbitral passive components: 

 
Fig. 9.  Frequency response of the double buck-boost at an 

extreme duty-cycle. 
Gain scale to the left, phase scale to the right 

Further analytical evaluation makes possible to determine 
the imaginary portion of the two pairs of complex poles, 
and demonstrates that the resonance peaks happen at the 
following frequencies: 

CL
D

a
⋅

−
=

)1(0ω
 (10) 

CL
D

b
⋅

=0ω
 (11) 

The relation between the passive components has to be, 
consequently, 

2

2

)( rips

DCL
ωω −

=⋅
, (12) 
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being sω  the switching frequency and ripω
 the distance 

taken to reduce the output voltage ripple. 
 
Taking for instance the fixed switching frequency of 
500 kHz and the required maximum duty-cycle 0.88 
obtained from the DC analysis, and a distance from the 
switching frequency of it’s half, 

131016.3 −⋅=⋅CL  (13) 

Thus placing the lower resonance frequency according to 
equation (5), at 
 

kHzs
krad

a 2,3334.208
101592.3

)0.8829-1(0
13

==
⋅

=
−

ω  

 
As an additional criterion, neglecting parasite resistances, 
the inductor current ripple over the average inductor 
current, may be represented by the following expression: 

,
LF
DVi

SW

bat
L ⋅

⋅
=Δ  (14) 

Arbitrating a peak ripple of 50% above the average 
inductor current obtained from the DC analysis, the given 
example results in an inductance L = 0.53 μH and 
capacitance C = 0.60 μF 
 
8. Open Loop Sensitivity to Battery Voltage 

Oscillations 
 
It is important also to determine the need for input filters 
in the amplifier. Using the averaged switch method makes 
it also possible to determine the transfer function from 
variations in the battery voltage to the differential output 
of the converter, and have a bode plot of this function. 
 
The following bode plot uses the values obtained in the 
previous section: 
 

 
Fig. 10.  Frequency response plot for verifying the effect of 

input voltage variations 

 
9. Simulation Results 
 
The control was performed using simple open-loop 
500 kHz PWM with a sinusoidal reference waveform, 
making the duty cycle vary according to a sinus wave 
compensated with the inverse steady-state transfer function 
of the converter, in order to obtain a linear open-loop 
response, and consequently generating a sinus output 

voltage Vo with average in zero volts. Switches T1 and 
T3 turn on together, complementarily with T2 and T4. 
All simulation results are displayed oscilloscope-like, 
The following voltage vs. time graph shows the common 
mode V1 and V2 outputs (green and red) from the circuit 
above with a 1 kHz reference waveform, for comparison 
with the Vbat voltage, in blue. 

 

 
 

Fig. 11.  Common mode voltages from simulation 

Follows the voltage vs. time graph of the resulting 
differential output voltage Vo (red), also compared with 
Vbat (blue): 
 

 
 

Fig. 12.  Differential mode voltage from simulation 

The current in the inductors determine inductor design, 
and the EMI generated by them. Next are shown the 
inductor current waveforms in the same period of time 
shown before, at peak output power, along with the 
current in the load (blue), for comparison. 
 

 
 

Fig. 13.  Inductor currents at peak power 

Inductor currents peak at 84.6 A and have a maximum 
peak-to-peak value of 28.9 A. Furthermore the RMS 
current at both inductors is 30.6 A, considering an entire 
low-frequency cycle at peak output power. 
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