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(57) ABSTRACT 

An apparatus for and method of control of a switch (102) in 
an electrical power converter (100) using pulse width modu 
lation to regulate output voltage (112) and current. The 
method allows precise output voltage regulation to be 
achieved whilst accurately controlling the proportion of 
load-current supplied by multiple modules connected in 
parallel. A ramped waveform (408), consisting of a compo 
nent representing the instantaneous current and a component 
representing the input voltage applied since the switch (102) 
switched on in the current PWM cycle, is compared with an 
error signal (406) to determine the width of each PWM 
pulse. 
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POWER CONVERTER CONTROL LOOP 

[0001] The present invention relates to a power converter 
control loop. More particularly the invention relates to a 
method of control for electrical poWer supply units, each 
unit having a plurality of poWer converter modules. The 
method alloWs precise output voltage regulation to be 
achieved at the same time as accurately controlling the 
proportion of load current supplied by the poWer converter 
modules connected in parallel. 

[0002] The method may be implemented in any electrical 
poWer converter unit using pulse Width modulation (PWM) 
to regulate output voltage or current and is suitable for any 
application Where the outputs of multiple poWer converter 
modules are connected in parallel. A PWM signal controls 
the state of a semiconductor sWitch, for example, a poWer 
transistor, an insulated gate bipolar transistor, a metal-oxide 
semiconductor ?eld-effect transistor (MOSFET) or a gate 
tun-off thyristor. 

[0003] Voltage feed-forWard is a prior art method of PWM 
regulation for achieving an accurate output voltage. A 
ramped Waveform is fed-forWard through a PWM compara 
tor Which in tun controls the Width of each PWM pulse. 
Voltage feed-forWard does not, hoWever, permit current 
sharing of multiple modules. 

[0004] Parallel connections are desirable for many rea 
sons. Connecting multiple poWer converter modules in 
parallel increases the maximum output poWer beyond that 
available from a single module, provides redundancy in the 
event of failure of one or more modules and reduces costs by 
alloWing the use of smaller, standard components. 

[0005] Current mode control is a prior art method of PWM 
regulation for achieving accurate current control that enables 
multiple modules to be connected in parallel Within a poWer 
converter unit. Current mode poWer converter units them 
selves nay be set in parallel to one another. 

[0006] A knoWn draWback of current mode poWer con 
version is the existence of instability When the ratio of PWM 
‘ON’-time to ‘OFF’-time, the duty cycle, exceeds 50%. The 
accepted technique for stabilising current mode control 
schemes is knoWn as ‘slope compensation’ in Which a 
compensating voltage signal is summed With a reference 
voltage signal used to generate the PWM signal. Neverthe 
less, slope compensation reduces open loop voltage accu 
racy (the voltage accuracy in the absence of feedback) and 
subsequently closed loop voltage accuracy (the voltage 
accuracy With feedback). 

[0007] It is therefore an object of the invention to obviate 
or at least mitigate the aforementioned problems. 

[0008] In accordance With the present invention, there is 
provided an apparatus for applying a pulse Width modulated 
signal to a poWer supply unit, the apparatus including: 

[0009] means for providing an input demand signal; 

[0010] an error ampli?er means for generating an 
error signaling accordance With an input demand 
signal; 

[0011] a Waveform generator means for generating a 
ramped voltage Waveform; 
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[0012] an oscillator means for providing a clock 
signal to the ramped voltage Waveform generator; 

[0013] a phase comparator means, for comparing the 
ramped voltage Waveform With the error signal and 
generating the pulse Width modulated signal. 

[0014] Preferably, the ramped voltage Waveform has a 
current feedback component and a voltage feed-forWard 
component. 

[0015] Advantageously, the phase comparator means gen 
erates the pulse Width modulated signal in accordance With 
the clock signal, the pulse Width modulated signal cycling 
betWeen an ‘ON’ state and an ‘OFF’ state. 

[0016] The onset of each ‘ON’ state nay be arranged to 
coincide With the onset of each pulse in the clock signal. 

[0017] The onset of each ‘OFF’ state is preferably con 
trolled by the result of the comparison betWeen the ramped 
voltage Waveform With the error signal. 

[0018] The Waveform generator means preferably 
includes a capacitor and a voltage to current converter. 

[0019] The input demand signal may be modi?ed by a 
feedback correction signal. 

[0020] In accordance With a further aspect of the present 
invention, there is provided a method for generating a pulse 
Width modulated signal Which is regulates both output 
voltage and output current in a poWer converter, including 
the steps of: 

[0021] 
[0022] b) generating an error signal in accordance 

With the input demand signal; 

[0023] 
[0024] d) generating a ramped voltage Waveform in 

accordance With the clock signal; 

[0025] e) comparing the ramped voltage Waveform 
With the error signal; and 

a) providing an input demand signal. 

c) providing a clock signal, 

[0026] f) generating the pulse Width modulated signal 
in accordance With the result of the comparison step 
e). 

[0027] The pulse Width modulated signal generated in step 
f) is preferably generated in accordance With the clock 
signal, the pulse Width modulated signal cycling betWeen an 
‘ON’ state and an ‘OFF’ state. 

[0028] Step f) may further include arranging the onset of 
each ‘ON’ state to coincide With the onset of each pulse in 
the clock signal. 

[0029] Advantageously, step f) also includes arranging the 
onset of each ‘OFF’ state to be controlled by the result of the 
comparison step i). 

[0030] Preferably, step d) includes summing a current 
feedback component and a voltage feed-forWard component. 

[0031] Step b) may ?ler include modifying the input 
demand signal in accordance With a feedback correction 
signal. 
[0032] The invention is particularly suitable for applica 
tions Where a poWer-converter unit supplies highly induc 
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tive, capacitive or non-linear loads. The use of a simple error 
integrator control loop compensates for the phase shifts in 
the output to input transfer functions Which are inevitable at 
certain frequencies in a poWer supply having inductive and 
capacitive components. PoWer converters having only resis 
tor loads are simpler to compensate for at higher frequencies 
since they introduce no phase shift. Optimum phase margin 
and gain margin are thus achieved Without the need for, or 
performance degradation introduced by, additional gain/ 
phase shaping. 

[0033] For a better understanding of the present invention, 
reference Will noW be made, by Way of eXample only, to the 
accompanying draWings in Which: 

[0034] FIG. 1 shoWs a schematic circuit diagram of a buck 
converter; 

[0035] FIG. 2 shoWs a schematic circuit diagram of a 
voltage mode control apparatus; 

[0036] FIG. 3 shoWs a schematic circuit diagram of a 
current mode control apparatus; 

[0037] FIG. 4 shoWs a schematic diagram of a dual 
current-voltage regulating apparatus according to the 
present invention; and 

[0038] FIG. 5 shoWs a graphical representation of a typi 
cal loop gain frequency pro?le for the feedback loop in the 
present invention. 

[0039] Abuck poWer converter 100 has the basic structure 
shoWn in FIG. 1. A series sWitch S1102 chops the input 
voltage 116 under the control of a PWM signal 118 and 
applies the noW pulsed input voltage across a transformer 
110 to an averaging LC ?lter and recti?er 120 having an 
inductor L1104 connected in series With a load 114 and a 
capacitor C1106 connected in parallel With said load 114. 
The LC ?lter 120 is needed to ?lter variations in the output 
voltage caused by the PWM sWitching of the series sWitch 
102. A diode 108 serves to complete a circuit in the 
‘OFF’-time of the sWitch S1. It Will be noted that such a 
converter Will produce an output voltage Which is alWays 
loWer than the input voltage level. 

[0040] Voltage mode control of a buck poWer converter is 
illustrated in FIG. 2. The control circuit 200, Which gener 
ates the PWM signal applied to the sWitch S1, includes an 
error ampli?er 204, a PWM phase comparator 210, an 
oscillator 220 and a logic means 214. The error ampli?er 204 
generates a voltage error signal 206. The voltage error signal 
206 is continually compared With a ramp Waveform 208 by 
the PWM comparator 210. The PWM comparator 210 
outputs a pulse 212 When the ramp Waveform 208 has an 
amplitude equal to the voltage error signal 206. The output 
pulse 212 from the PWM comparator 210 corresponds to the 
end of the ‘ON’-time of a latched signal 216 produced by the 
logic means 214. The onset of the ‘ON’-time of the latched 
signal 216 coincides With a clock signal 222 produced by an 
oscillator 220. The latched signal 216 is applied to the sWitch 
S1 of the buck converter circuit 100. Thus the duration of the 
‘ON’-time corresponds to a portion of the cycle in Which the 
p Waveform 208 is less than the voltage error signal 206. 

[0041] The oscillator 220 also applies a pulse train 224 to 
a capacitor 226. In the absence of an oscillator pulse 224, the 
capacitor discharges and generates the ramp Waveform 208. 
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[0042] Voltage regulation is achieved by feeding back the 
output voltage signal VOUT 112 to the error ampli?er 204. 
The output voltage signal 112 is compared With a reference 
voltage signal 202 by the error ampli?er 204. Voltage feed 
forWard regulation may additionally be achieved by con 
trolling the current charging the capacitor 226 inn accor 
dance With the supply voltage. The result of the comparison 
is the error voltage signal 206. 

[0043] FIG. 3 illustrates current mode control of a buck 
poWer converter 100. Again, the control circuit 300 Which 
generates the PWM signal applied to the sWitch S1 includes 
an error ampli?er 304, a PWM phase comparator 310, an 
oscillator 320 and a logic means 314. These components are 
hoWever connected in a distinct manner. 

[0044] As in voltage mode, the error ampli?er 304 gen 
erates a voltage error signal 306 and the voltage error signal 
306 is continually compared With a signal derived from the 
output inductor current 308 by the PWM comparator 310. 
The PWM comparator 310 outputs a pulse 312 the instant 
the inductor current signal 308 is equal to the voltage error 
signal 306. The output 312 from the PWM comparator 310 
corresponds to the end of the ‘ON’-time of a latched signal 
316 produced by the logic means 314 and applied to the 
sWitch S1 of the buck converter circuit. The onset of the 
‘ON’-time of the latched signal 316 is under the control of 
a clock signal 322 produced by all oscillator 320. 

[0045] As before, the output voltage signal 112 is com 
pared With a reference voltage signal 302 by the error 
ampli?er 304. The result of the comparison is the error 
voltage signal 306. 

[0046] Crucial to current mode regulation is the feedback 
of a voltage signal 308 corresponding to inductor current 
detected at the sWitch S1 as the inductor signal VS 122. The 
slope of the inductor current signal 308 responds immedi 
ately to any line voltage changes. Thus regulation of the 
current ?oWing in the buck converter 100 is achieved by 
feedback of both output voltage 112 and the inductor current 
signal 308. 

[0047] As mentioned above, slope compensation is 
required to stabilise the control loop for large ramps in duty 
cycle. 

[0048] The poWer converter of the present invention com 
bines features of both current and voltage modes. 

[0049] FIG. 4 shoWs a basic circuit layout according to the 
present invention. As before, a sWitch S1102 is controlled by 
a PWM signal 118 and an LC averaging ?lter 120 removes 
any variations caused by the PWM signal 118. 

[0050] It Will be noted that, for simplicity, the sWitching 
poWer supply 100 shoWn being controlled by the PWM 
signal 118 is a buck regulator and not a converter. A buck 
converter as shoWn in FIG. 1 has an additional transformer 
betWeen the control circuit and the ?lter circuit 120 but 
otherWise operates identically to a buck regulator. A prac 
tical buck converter often includes a means for converting 
electrical feedback signals into optical signals in the ?lter 
circuit 120 and corresponding means for converting the 
optical feedback signals into electrical signals for use by the 
control circuit. By addition of an optical stage in the 
feedback of signals to the control circuit, the isolation of the 
?lter circuit 120 from the control circuit can be achieved. 
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[0051] In an operating control circuit, oscillator 430 gen 
erates a clock signal 434. The clock signal 434 is applied as 
a ?rst input signal to a logic means 426 and, via a clock 
diode 424, to a ramp capacitor C1, 442. The logic means 426 
also receives a second input signal 432 from the PWM 
comparator 422 and acts as a latch for each PWM pulse. 

[0052] In FIG. 4, each PWM pulse is inverted at an 
inverter gate 428 and the resulting PWM pulse 436 is 
applied to the sWitch S1102. The PWM comparator, the 
clock diode 424, the logic means 426 and the inverter gate 
428 may all be provided upon a single integrated PWM 
circuit 420. 

[0053] The input voltage for both the LC ?lter 120 and a 
voltage to current converter 440 is supplied by a voltage 
source 450. A current transformer 452, a resistor burden 444 
and a diode 446 form a current loop 454. The current 
transformer 452 boosts the current across the current trans 
former burden 444 in the current loop 454. 

[0054] Free-running oscillator pulses 434 start each PWM 
cycle and reset the voltage across the ramp capacitor C1, 442 
The PWM ‘ON’-time is terminated When a ramped Wave 
form 408 VRAMP becomes equal to an error integrator output 
voltage 406 VB. 

[0055] The ramped Waveform 408 is generated by super 
imposing a signal from the voltage to current converter 440 
and the voltage across the ramp capacitor C1442. VRAMP is 
thus a time-varying signal consisting of a component rep 
resenting the instantaneous current VR/Sense summed With a 
component representing the integral of VIN 116 from the 
start of each PWM cycle. 

[0056] The error ampli?er output voltage 406 VE is gen 
erated in a similar manner to that in voltage or current mode. 
An input voltage demand signal 402 is input into an error 
integrator 410. The error integrator 410 comprises an ampli 
?er 412 and a capacitor 414 in parallel, The output of the 
error integrator 410, the error integrator output voltage 406 
VB, is applied to one input of a PWM phase comparator 422. 

[0057] The PWM phase comparator 422 compares the 
ramped Waveform 408 VRAMP and the error integrator out 
put voltage 406 VE thus controlling the end of the PWM 
‘ON’-time in each PWM cycle. 

[0058] Typically, the input voltage demand signal 402 is 
varied by the user in a range from 0 to —5V Which corre 
sponds to output voltage in the range 0 to 100%. The output 
voltage feedback signal 112 is attenuated to produce 5V at 
100% output voltage. The current feedback signal 454 
scaled to produce 1V at 100% full-load current. The capaci 
tor 414 of the error ampli?er integrator 410 is chosen so that 
the integrator 410 has unity loop-gain at less than 25% of the 
PWM sWitching frequency. 

[0059] With the error ampli?er integrator output voltage 
406 in the range 0 to 5V comprising: the current loop voltage 
in the range 0 to 1V; and voltage at capacitor C1, Vcl, in the 
range 0 to 4V. The error ampli?er integrator output voltage 
406 ramps doWn by 25%, i.e. 1.25V, during the ‘ON’-time 
in each PWM cycle. The error ampli?er integrator output 
amplitude at PWM frequency must be greater than 0.5 volts 
to provide the 50% ‘slope compensation’ needed to ensure 
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closed-loop stability of the 1V current mode proportion of 
VRAMP at duty cycles greater than 50%. 

[0060] The oscillator loW period is arranged to be long 
enough to alloW the ramp capacitor C1442 to fully discharge 
but short enough to avoid the need for additional circuitry at 
loW duty cycles. 

[0061] The present invention achieves both maXimum 
voltage accuracy and current-sharing accuracy at all fre 
quencies from DC up to 25% of sWitching frequency and 
Without the need for any additional large or expensive poWer 
components. In essence, the loWer the frequency of a signal 
passing across the error ampli?er integrator 410, the greater 
the averaging effect of the integrator. 

[0062] FIG. 5 illustrates the above effect: if the oscillator 
signal had an inherent sWitching accuracy (at a sWitching 
frequency of 20 kHZ) of 11% and provided the loop gain is 
arranged to be unity at 25% of sWitching frequency, the 
sWitching accuracy at 5 kHZ is also 11% but at 500 HZ the 
sWitching accuracy is up to 10.1%: a real increase in 
accuracy is seen for loWer frequency signals. It should be 
noted that While the gain effectively falls to Zero for fre 
quencies above the sWitching frequency, it is possible that 
tWo signals having frequencies above the sWitching fre 
quency can still have an effect at loWer frequencies. When 
the tWo signals have a small frequency difference betWeen 
them they can interfere to cause loW frequency beats. 

[0063] It Will be readily understood that the present inven 
tion operates With any type of buck-derived poWer converter 
or regulator circuit topology including single-ended, push 
pull, half bridge, ?t-bridge (or H-bridge) and soft-sWitching 
con?gurations. Where necessary, the PWM signal may 
control the behaviour of a plurality of sWitches. 

[0064] Extra circuitry may be added to reset ramp capaci 
tor C1442 as soon as the phase-comparator terminates the 
PWM pulse and provide a minimum off-time. 

[0065] It Will be readily accepted that certain additional 
components Will be necessary to realise a practical circuit, 
for eXample, a reset circuit for current transformer 452 core 
in implementations Where a half-bridge is used. 

[0066] One advantage of the inventive device is that 
proprietary PWM integrated circuits may be used to inte 
grate various circuit functions. 

[0067] A voltage feed-forWard signal may be taken from 
the output voltage before the ?lter 120 in order to remove 
errors introduced by sWitch S1 as Well as transformer (and 
When present recti?er) losses. Removal of these errors 
requires a further high-speed differential ampli?er. 

[0068] Additional closed loop feedback may be needed 
from VOUT 112 either locally or at the load. 

1. An apparatus for applying a pulse Width modulated 
signal to a poWer supply unit, the apparatus including: 

means for providing an input demand signal; 

an error ampli?er means for generating an error signal in 
accordance With the input demand signal; 

a Waveform generator means for generating a ramped 
voltage Waveform; 

an oscillator means for providing a clock signal to the 
Waveform generator means; and 
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a phase comparator means for comparing the ramped 
voltage Waveform With the error signal and generating 
the pulse Width modulated signal. 

2. An apparatus according to claim 1, Wherein the ramped 
voltage Waveform has a current feedback component and a 
voltage feed-forWard component. 

3. An apparatus according to claims 1 or 2, Wherein the 
phase comparator means generates the pulse Width modu 
lated signal in accordance With the clock signal, the pulse 
Width modulated signal cycling betWeen an ‘ON’ state and 
an ‘OFF’ state. 

4. An apparatus according to claim 3, Wherein the onset of 
each ‘ON’ state is arranged to coincide With the onset of each 
pulse in the clock signal. 

5. An apparatus according to claim 4, Wherein the onset of 
each ‘OFF’ state is controlled by the result of the comparison 
betWeen the ramped voltage Waveform With the error signal. 

6. An apparatus according to any one of claims 1 to 5, 
Wherein the Waveform generator means includes a capacitor 
and a voltage to current converter. 

7. An apparatus according to any one of the preceding 
claims, Wherein the input demand signal is modi?ed by a 
feedback correction signal. 

8. Amethod for generating a pulse Width modulated signal 
Which regulates both output voltage and output current in a 
poWer converter, including the steps of: 

a) providing an input demand signal; 

b) generating an error signal in accordance With the input 
demand signal; 
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c) providing a clock signal; 

d) generating a ramped voltage Waveform in accordance 
With the clock signal; 

e) comparing the ramped voltage Waveform With the error 
signal; and 

f) generating the pulse Width modulated signal in accor 
dance With the result of the comparison step e). 

9. Amethod according to claim 8, Wherein the pulse Width 
modulated signal generated in step f) is generated in accor 
dance With the clock signal, the pulse Width modulated 
signal cycling betWeen an ‘ON’ state and an ‘OFF’ state. 

10. A method according to claim 9, Wherein step f) further 
includes arranging the onset of each ‘ON’ state to coincide 
With the onset of each pulse in the clock signal. 

11. A method according to claim 10, Wherein step f) 
further includes arranging the onset of each ‘OFF’ state to be 
controlled by the result of the comparison step 

12. A method according to any one of claims 8 to 11, 
Wherein step d) includes summing a current feedback com 
ponent and a voltage feed-forWard component. 

13. A method according to any one of claims 8 to 12, 
Wherein step b) further includes modifying the input demand 
signal in accordance With a feedback correction signal. 

14. An apparatus substantially as hereinbefore described 
With reference to the accompanying FIG. 4. 

* * * * * 


