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Presenter
Presentation Notes
Hello and welcome to Part 1 of this three part talk on the Control of Switched Mode Power Supplies

My name is Colin Gillmor and I’m an Applications Engineer with TI, based in Cork, Ireland.

Switched Mode Power Supply control is sometimes feared to be difficult to understand especially for those not involved with the topic on a daily basis. Most reference sources use a theoretical approach and putting an emphasis on Loop Gain, complex frequency, H(s), G(s) and so on and so on and this does not help reduce the mystique of the topic. 

However a deep theoretical treatment it is not completely necessary to convey a broad understanding of the topic. 

The aim of this presentation is to review analog control theory in an intuitive manner without using too much mathematics. It will also highlight the benefits and drawbacks of some of the most popular control methods. 

I have included a selection of relevant and accessible references m at the end of this presentation.
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Part 1 will cover some basic Concepts, then move on to talk a bit about Transfer Functions in general and finally look at Control Systems, introducing Voltage Mode and Current Mode control.

Part 2 and Part 3 will cover the other items on the agenda.
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Control of SMPS – a Refresher: 

Presenter
Presentation Notes
First I want to review some of the basic concepts used in control systems



Concepts: 
Controllability: 
• What variables can we use to control the system’s state 
• Eg: Switching Frequency, Duty Cycle, Handlebars 
Observability: 
• How can we determine the system’s state 
• Eg: Measure Vout, Vin, Iout, Inductor Current, Eyes 
Reachability: 
• Does the control system have enough authority to do 

what we want it to do? 
• Eg: Transient response, Trim range, Current limit 
   Start-up time, Lean limits (aka, training wheels) 
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Control can be fun ! 

Control:  
• Measure the system 
• Compare to reference 
• Adjust appropriately 

• TI Information – Selective Disclosure 
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Presenter
Presentation Notes
Obviously the young man on the bicycle is having some control issues – nevertheless he does seem to be having fun – I think.
I’ve included pointers to various references in blue at appropriate points – The full list of references is given at the end of both parts of this presentation.

There are three basic ideas behind all control theory – using the bicycle analogy

– do we have some method to control the system, can we see what the system is doing, can the system do what we want it to
Controllability describes the ability of an external input to move a system from any initial state to any other final state in a finite time interval 
Handlebars

Observability 
This is the ability to know the internal state of the system, for an SMPS we would measure the output voltage and the inductor current and use these to determine the appropriate action.
Sometimes a variable may not be directly observable – inductor current during Toff for example. In this case we can use estimates of the values – as we do with downslope emulation in some controllers.
Does the rider have his eyes open ?

The concepts of controllability and observability are very similar and are related mathematically.

Reachability 
A state is called reachable if there is an input that moves the state of the system from an initial state in some finite time interval. For example. A state of Vout_nom is reachable from an initial state of 0V at startup. The training wheels seem to limit the lean angle to a modest 30deg or so – the system can’t reach a lean angle of 45deg – or at least not if the rider wants to recover.




Concepts: LTI, Linear Time-Invariant 

Linearity f(a+b) = f(a) + f(b) , f(k*a) = k*f(a) 
• System response doesn’t depend on the load power or current 
• Non-Linear at OCP, OVP, Enhanced Dynamic Response etc 
Time Invariance 
• System does not change with time  
• Exceptions at power up, power down, OCP etc  
• Switching action in power stage must be averaged 
Continuous time assumed 
• Time variable is continuous and can take up any value 
• Assumption is valid up to about 20% of switching frequency 
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SMPS are not linear and are 
not time invariant ! 
 
 
 
 
 
So we ‘cheat’ and build a 
model which is LTI  
• Linearisation  
• State Space Averaging 

 
 
 

 
Typical Buck Converter model 
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Switching frequency does not appear in the transfer function ! 
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The next concept is that of a Linear Time Invariant system. This means that the system obeys the standard requirements for linearity – that is f(a+b) = f(a) + f(b) , f(k*a) = k*f(a)

In the context of SMPS, Linearity means that the system response is not a function of load. Of course some non-linear behaviours are deliberately added to the system for example, OVP, OCP, Light load modes and so on. Non linearity also appears if some element in the control loop runs out of control range – for example and op-amp output becomes saturated high or an opto-coupler transistor reaches its Vce_sat. Part of the design task is to understand the operation of these non-linear events and ensure that they are not detrimental to the operation of the system.

By their nature, Switched Mode Power Supplies are not time invariant – the circuit changes as the switches in the power stage are turned on and off at a high rate. The solution to this problem is to linearise or average the power stage, the only drawback of this approach is that the linearisation is valid only up to about 20% of the switching frequency but in practice this isn’t a severe constraint. 

Time Invariance means that the system does not change over time. Obvious exceptions are at turn-on and turn-off. Less obvious effects are CTR reduction over the lifetime of an optocoupler. I’m going to ignore all these time dependent behaviours and assume Time Invariance.

I’ve included a fairly typical transfer function for a buck converter here. One thing of interest is that the expression for G(s) does not include the switching frequency. This is true of all the power stages I’m going to talk about here but it is not true for resonant topologies like LLC.

This topic is based on analog control of SMPS which of course implies a continuous time domain and the time variable can take up any value. Digital control uses a Discrete time domain, where the time variable can take up only discrete values however this is beyond the scope of what I want to talk about here and I won’t mention it again.



Concepts: Complex Frequency (s) 

Complex Frequency: s = σ + jω   
σ sets decay rate, 
• σ  > 0, increasing: σ < 0, decaying: σ = 0, steady state  
• We set σ to 0 and so that s = jω  
• ω is the frequency of the underlying sine wave 

 
 

y(s) contains Magnitude and Phase information. 
Really useful property – a single calculation gives  
• Magnitude = Mag[y(s)],   
• Phase = arg[y(s)] (radians !) 
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Presentation Notes
Complex frequency is an extension of the frequency concept and has two parameters. The sigma parameter controls the magnitude of the signal and the omega parameter controls the rotation rate of the signal. The rotation rate, in radians per second, is analogous to the usual idea of frequency expressed in Hertz where 1 Hz = 2 Pi radians per second.

Complex frequency is widely used in control theory because a single calculation provides both amplitude and phase information. The amplitude is constant if we set sigma to 0. If sigma is greater than 0 the amplitude increases with time, if sigma is negative then the result is an exponentially decaying sine wave. 

I’m going to be talking about situations where the amplitudes do not change over time so in this case we set sigma to zero and the complex frequency s reduces to j omega where omega is the frequency
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Control of SMPS – a Refresher: 
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Next I want to talk about transfer functions in general



Transfer Functions: Bode Plots  
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The transfer function is basically Vo(s) / VI(s) 
• H(s), G(s), Y(s) etc, etc, 
• Calculated or Measured  
• A function frequency 
• Complex frequency gives Magnitude and Phase 
 
 
Bode Plot, Magnitude and Phase versus frequency 
• Frequency is on a Log scale 
• Magnitude in dB: 20 log (VO/VI) 
• Phase in deg: θIN – θO 
• Can use straight line approximations (dotted) 
 
Note 
• Magnitude, Amplitude, Gain are equivalent 
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As I mentioned earlier, in order to control a system we have to Measure it, Compare the measurement to some reference and then make appropriate adjustments. This involves moving a signal through different processes – perhaps passing it through an amplifier in order to perform some function – amplification, filtering etc. 

If we do the calculations using complex frequency then we can obtain both Magnitude and Phase information. The plot shows the transfer function, G(s), of the amplifier circuit in the schematic.

Bode plots are a convenient and useful way to present this information and are very widely used. 
Frequency is plotted on the horizontal axis – using a logarithmic scale
The amplitude or Magnitude is plotted on a dB scale where the conversion factor is 20 log (VO/VI). 
The phase is plotted on a linear scale in degrees. Note that G(s) gives phase information in radians where 1 radian = 360/2 pi degrees or approximately 57 degrees
It’s also useful – sometimes – to use an asymptotic approximation to the Amplitude and Phase and these are shown as dotted lines on the plot above.






Transfer Functions: Poles 
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LF gain is -R2/R1 
Gain rolls off at -20dB per decade above ω0  
Gain is flat below ω0   
Phase flat below ω0 /10 and above 10 ω0  
Phase is:  
• 0° at LF 
• -45° at ω0  
• -90° at HF 

𝑓𝑝  =  
1

2𝜋 𝑅2𝐶
 Gain is -3dB at ω0  

+
VOVI

R1

R2

C

R1

Pole 
-3dB 

    -45° 
  

-20dB per 
Decade -90° 
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Transfer functions are defined mathematically in by the location of their poles and zeros so I want talk about these terms now.
The transfer function of the schematic here has a pole at 1 / (2 Pi R2*C). 

If we plot this, we see that the Gain has dropped by 3dB at the Pole. The Gain is approximately flat up to the Pole – using the asymptotic approximation mentioned earlier, it then decreases at a rate of -20dB per decade.
The main feature of a Pole is that the phase shift of the signal shifts from 0 degrees at low frequency, passing through -45deg at the pole and reaching a limit of -90 deg at high frequencies 







Transfer Functions: Zeros 
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Used in Type 2 compensator to add some 
phase boost and so increase the phase margin 
 

𝑓𝑧 =  
1

2𝜋 𝑅2𝐶
 +3dB at  
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Alternative form 
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The transfer function of the schematic here has a zero at 1/(2 pi R2*C). 

In this example, the gain is decreasing at a rate of -20dB per decade up to the frequency of the zero, it then flattens out and becomes constant – in this case 20dB which in this example is the ratio of R2/R1

The main feature of this Zero is that the phase shift of the signal shifts from 0 degrees at low frequency, passing through +45deg at the zero and reaching a limit of +90 deg at high frequencies 
We can use this characteristic to partially or fully cancel out the -90deg phase shift of a pole and so increase the phase margin – I’ll return to this idea later.

I want to note that there is an alternative form of the zero where the frequency term is s/(omega z) rather than (omega z)/s – the gain characteristic in red changes – visually it rotates anti-clockwise by 45degrees but the phase characteristic is unchanged. This alternative form also exists for poles – again the gain characteristic is rotated but the phase remains the same. 





Transfer Functions: Complex Conjugate Poles 
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Complex Conjugate Poles: Resonance,  
Phase decreasing to -180° 
Q determines peak response 
 
Gain rolls off at -40dB per decade above ω0  
Phase is:  
• 0° at LF 
• -90° at ω0  
• -180° at HF 
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The LC circuit shown here has a transfer function with a peak at its resonant frequency. The amplitude of the peak is a function of the circuit Q, or the ratio of resistance to reactance. The gain is flat at low frequencies, peaks at the resonant frequency and then rolls off at a rate of -40dB per decade. The total phase shift is 0 at low frequency, -90 at resonance and -180 degrees at high frequency 




Transfer Functions: Right Half Plane Zero 
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RHPZ:  
• A characteristic of topologies which deliver energy to 

the output 180° out of phase with the energy taken 
from the input Flyback, Boost, Cuk, (CCM only).  

 
RHPZ: (Right Half Plane Zero) 
• Gain increasing Phase decreasing 
• Almost impossible to compensate for this 
• Must close the loop at frequencies << ωz  
 
RHPZ is not an issue in Boost PFC  
• They must close the loop at very low frequencies for 

other reasons, typ < 10 Hz . 
• Controlled quantity is input current, not output current 

 
Ref 1 
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The final transfer function that I want to show is the so-called Right Half Plane Zero.

Poles and Zeros are complex numbers and can be plotted on the complex number plane. The ‘well behaved’ poles and zeros – including the complex conjugate poles associated with a resonant circuit are all on the Left Hand side of the plane. The RHPZ – as its name implies, is located on the right hand of the plane.

This type of zero occurs in topologies which deliver energy to the output 180° out of phase with the energy taken from the input Flyback, Boost, Cuk, (CCM only). For example, in the Flyback circuit shown here, energy is transferred from the input to the transformer/choke while the MOSFET switch is on. The energy is transferred from the transformer / choke to the output when the MOSFET is OFF.

The RHPZ is almost impossible to compensate because the gain is increasing but the phase is decreasing as it would in a pole. The normal solution is to close the loop at frequencies much lower than the frequency of the RHPZ.

One of the most common applications for the boost converter is as a Power Factor Corrector but although the RHPZ does exist in this topology it’s not a problem because the loop bandwidth is normally limited to < 10Hz  and also the system is controlling the input current rather than the output voltage.  
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Control of SMPS – a Refresher: 

Presenter
Presentation Notes
Now let’s look at some typical control system block diagrams



Control Systems: Variables 

Many SMPS use Duty Cycle (D) as the control variable 
• CCM, PSFB, Push-Pull 
Sometimes D and FSW are both used 
• Mainly to improve efficiency 
• Quasi Resonant, DCM converters 
• Conversion ratios are unchanged 
 
LLC uses Fsw as the control variable 
• One of a large class of resonant converters 
 
Hysteretic SMPS use Upper and Lower limits on VOUT 
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Conversion factor is a function of D, not of FSW 

Conversion factor is a function 
of FSW  not of D 
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All SMPS control systems must have some variable which they can use to control the output

I’m going to concentrate on those which use the duty cycle as the control variable. This includes the Buck, Boost and Flyback topologies. Their conversion ratios are listed here on the right. It’s important to note that the switching frequency does not appear in the equation. This is true even if the switching frequency is being varied for EMI or to improve efficiency or other reasons.

There is another, large class of resonant topologies which do use frequency as the control variable, the most important of these is probably the LLC. Much of what I will say in the rest of this presentation will apply to the LLC topology too but I won’t mention it explicitly.

Finally, Hysteretic control is a class of systems which turn the power switch on and off to control the output within upper and lower control limits. This control method is widely used in low power DC/DC converters but little of the material I present here is applicable to them.



A Typical Control System: 

A typical analog SMPS control system looks something like this Ref 2: Ch6 
• KEA(s)*  Error Amplifier (transfer function as function of complex frequency) 
• KPWM Pulse Width Modulator (A Constant) 
• KLC(s) Output Filter 
• KFB Feedback Potential Divider  

 
• G(s) = KPWM  * KLC(s) = Control to Output gain 
• H(s) = KFB  * KEA(s) = Output to Control gain 
• Total loop response T(s) = G(s) * H(s) 
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System measures the output, compares 
to the reference, makes an adjustment 

KEA
VREF

+
-

KPWM KLC

KFB

VC SW VOUT

Control to Output = G(s)
(Plant)

Output to Control = H(s)
(Feedback)
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Here is a block diagram of a typical control system – it has five main components

There is an error amplifier, KEA. This amplifies the error between a scaled sample of the output voltage and a fixed reference voltage. The output of the error amplifier is the control signal used by the Pulse Width Modulator, KPWM. The output of the error amplifier acts to minimise the difference between the output sample taken by KFB and the reference. The error amplifier must have a high DC gain for good load regulation and low offset voltages for accuracy. The transfer function of the error amplifier is designed so that the overall loop is stable and I’ll return to that topic later.

The Pulse Width Modulator takes the output of the error amplifier and translates it into a pulse width modulated signal with a duty cycle in the range 0% to 100%. The PWM modulates the input voltage according to the duty cycle to produce a switched voltage SW.

The switched voltage is applied to an output filter, KLC where the high frequency content is removed so that VOUT is a DC voltage.  

VOUT is assumed here to be DC, but the same general principles apply to other applications like a DC/AC inverter or AC/DC PFC stage. In all cases, VREF is the reference that the system uses to control VOUT and the designer must make sure that the desired output is ‘Reachable’ – ie, ensure that the feedback and error amplifier remain linear and that the power stage can produce an AC output from a DC input in the case of an inverter or control the input current in the case of a PFC stage. 

This block diagram is a typical example – of a buck regulator in this instance and I’m going to use it for the rest of this talk. Similar block diagrams can be drawn for the other main topologies, Flyback, Boost, Cuk etc but the general principles are unchanged. 

The main point to remember is that the system behaviour is governed by the overall loop response T(s) and this is the product of the Control to Output transfer function G(s)  and Output to Control transfer function H(s). 





Two Control Systems: VMC and CMC 

VMC:  
• Error Amplifier controls Duty Cycle (D) directly 
 
CMC: 
• PCM (Peak Current Mode) 
• ACM (Average Current Mode) 
• Error Amplifier sets IDEM (Current Demand)                    

for inner loop. sometimes called ‘COMP’ 
• Inner loop regulates the output current 
Other control methods do exist – not covered here 
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There are two main types of control loop that I want to talk about – Voltage Mode Control and Current Mode Control. 

The original control method for SMPS was Voltage Mode Control where the output of the error amplifier controls the duty cycle directly. This has the advantage of being intuitively easy to understand, it is also less noise sensitive than Current Mode Control. The main disadvantages are that it’s more difficult to stabilise than CMC and does not offer as much protection against transformer saturation. The block diagram here at the top is the same as the one we looked at in the previous slide.

Current Mode control adds a second loop to the system. Here, Xi is a sample of the output inductor current, Kcs is a scaling factor and HE(s) is the a Peak Current Sampling block – effectively this is a comparator which compares the current sense signal with the control signal Vc. 

There are two varieties of current mode control in use. The most common is Peak Current Mode control or PCM. In PCM systems the input to HE(s) is an unfiltered version of the current signal so that peak current information is available. In ACM systems an averaged version of the inductor current is used as the input to HE(s). Average Current Mode or ACM is often used in Power Factor Controllers for reduced input current distortion.




Control Systems: Voltage Mode Control 

Error amplifier output VC controls D directly 
VOUT drops → VC increases → D increases → VOUT 
increases 
Less noise sensitive than PCM – larger ramp  
Easy to implement Voltage Feed Forward 
Output Filter appears in the transfer function so 
• Control loop bandwidth is lower than with CMC 
• More difficult to stabilise than CMC 
• Type 3 Compensation (more on this later)  

 

Just because it’s more difficult to stabilise doesn’t mean 
that it is impossible to stabilise. 17 
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In Voltage Mode Control the error amplifier controls the duty cycle directly. The Error amplifier output is compared to a fixed ramp. At the start of a switching cycle, the PWM output is ON. A fast comparator detects when the ramp crosses the output of the error amplifier and the PWM output is turned OFF. You can see this clearly in this animation 

This system is relatively insensitive to noise because both the Ramp and Error amplifier outputs have a large amplitude – 2V to 5V would be fairly typical.
One interesting advantage of VMC is that we can use the input voltage to control the slope of the ramp. If Vin increases then the control system must reduce the duty cycle. This reduction can be achieved by increasing the slope of the fixed ramp so that the ramp reaches the level of the error amplifier in a shorter time than before. This works well with buck derived topologies because Vo = D Vin.

The main disadvantage of VMC is that the output filter resonance appears in the transfer function. This makes it more difficult to stabilise and the control loop bandwidth is normally less than that of an equivalent CMC design. I’ll go into more detail on the Type 3 Compensation which is normally used for VMC designs.
 
Finally – despite its disadvantages – VMC is often used – especially in high power designs.



Control Systems: Current Mode Control 

Peak Current Mode – most common 
Average Current Mode – used in some PFC stages 
Error amplifier output VC sets a current demand 
Inner current loop forces the output current to equal the 
current demand. 
VOUT drops → VC (IDEM) increases,  IOUT increases → VOUT 
increases 
Wider loop bandwidth and easier to stabilise than VMC 
Cycle-by-Cycle over current protection 
Sub-Harmonic instability, (PCM in CCM) 
• Slope Compensation (added to VEAO) 
• Peak-to-Average ratio not constant – distortion in PFC 
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In CMC the output of the error amplifier is used as a reference for the inner current loop. I find that it’s best to think of the error amplifier output as a current demand signal and the job of the inner current loop is to control the power stage so that the output current equals the demanded current. The dotted line in the graphic is the un-modified error amplifier output. As I’ll show later there is an inherent instability in Peak Current Mode control which requires the addition of a slope compensation ramp to IDEM and the solid red line is the sum of the error amplifer outpupt and the slope compensation ramp. At the start of a switching cycle, the PWM output is ON. A fast comparator detects when the current sense signal in blue crosses the output of the error amplifier in red and the PWM output is turned OFF.    This animation shows how the system works.

The advantage of PCM is that the system limits the peak current in each switching cycle. This gives some protection against inductor saturation or other events that could cause an over current condition. It also ensures balanced currents in the transformer of full bridge circuits eliminating the bulky DC blocking capacitors needed if VMC is used. However PCM can be unstable at large duty cycles which requires slope compensation for stability. There is also an inherent error between the average current in the output – which is what we want to control – and the peak current which is what the system is measuring. This can be a problem in Boost PFC stages because the Peak to Average ratio is not constant as D changes. Boost PFC systems often use Average Current Mode to eliminate the Peak to Average error to minimise input current distortion and so achieve higher Power Factors.

Another advantage is that the current loop removes the output LC resonance from the transfer function which makes it possible to increase the loop bandwidth and use a simpler Type 2 compensation network






Control Systems: PCM Half Bridge instability 

Peak Current Mode control of half bridge is unstable 
Described in Ref 13  
Voltage at centre point of C1 and C2 diverges from VIN/2 
• This is an inherent instability 
Solutions 
• Use VMC – any half bridge controller 
• Use duty cycle copy – UCC28251 
• Use Average current limit - LM5039 
• Modified CT circuit – see article above  
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As a side note I want to mention that Peak Current Mode control is inherently unstable in the half bridge circuit. The reason for the instability is described in the article in Ref 13 but the effect is that the voltage at the junction of the splitter capacitors is driven to either the input rail or to ground.

There are some solutions – The designer can use voltage mode control. Some ICs like the UCC28251 use a ‘duty cycle copy’ function to equalise the duty cycles applied to upper and lower switches. Average current limiting or a  modified current sense arrangement can also be used. 



References 

20 

1/ The Right Half plane Zero, A Simplified Explanation, Dixon:  https://www.ti.com/seclit/ml/slup084/slup084.pdf 
2/ Fundamentals of Power Supply Design: Mammano: Texas Instruments, 2017 
3/ SMPS compensation made easy, Sheehan: https://www.ti.com/seclit/ml/slup340/slup340.pdf 
4/ Control Loop Cookbook, Dixon: https://www.ti.com/seclit/ml/slup113/slup113.pdf 
5/ Compensation Design with TL431 for UCC28600: http://www.ti.com/lit/an/slua671/.pdf 
6/ Designing with the TL431, Ridley: https://www.researchgate.net/publication/280308828_Designing_with_the_TL431_-
_the_first_complete_analysis  
7/ A more Accurate Current-Mode Control Model, Ridley: https://www.ti.com/seclit/ml/slup122/slup122.pdf 
8/ Modelling, Analysis and Compensation of the Current Mode Converter: http://www.ti.com/lit/an/slua101/slua101.pdf  
9/ Average Current Mode Control of Switching Power Supplies, Dixon: https://www.ti.com/seclit/ml/slup091/slup091.pdf 
10/ Considerations for measuring loop gain in power supplies: https://www.ti.com/seclit/ml/slup386/slup386.pdf 
11/ Fundamentals of Power Electronics: Erickson and Maksimovic, ISBN 0-7923-7270-0    
12/ Modern Control Systems: Dorf, Addison Wesley, ISBN: 0-201-51713-2 
13/ http://www.how2power.com/pdf_view.php?url=/newsletters/1204/articles/H2PToday1204_design_TexasInstruments.pdf 
14/ http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf 
 
15/ https://en.wikipedia.org/wiki/Bicycle_and_motorcycle_dynamics 
 
 
 
 

• TI Information – Selective Disclosure 

Presenter
Presentation Notes
Here is a list of references you may find useful – I’ll leave it on the screen for a few seconds







https://www.ti.com/seclit/ml/slup084/slup084.pdf
https://www.ti.com/seclit/ml/slup340/slup340.pdf
https://www.ti.com/seclit/ml/slup113/slup113.pdf
http://www.ti.com/lit/an/slua671/.pdf
https://www.researchgate.net/publication/280308828_Designing_with_the_TL431_-_the_first_complete_analysis
https://www.researchgate.net/publication/280308828_Designing_with_the_TL431_-_the_first_complete_analysis
https://www.researchgate.net/publication/280308828_Designing_with_the_TL431_-_the_first_complete_analysis
http://www.ti.com/lit/an/slua101/slua101.pdf
https://www.ti.com/seclit/ml/slup091/slup091.pdf
https://www.ti.com/seclit/ml/slup386/slup386.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf
http://venable.biz/uploads/files/01-Technical-Paper-Testing-Power-Sources-for-Stability.pdf


Control of SMPS – a Refresher 
 
End of Part 1 

Colin Gillmor  (APP, HPC) 
colingillmor@ti.com 

21 

Presenter
Presentation Notes
Thanks for your attention and I hope you found this talk useful. Please feel free to contact me directly at this email address if you have any questions or if you have any suggestions for improvements that I could make.
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Hello and welcome to Part 2 of this three part talk on the Control of Switched Mode Power Supplies

My name is Colin Gillmor and I’m an Applications Engineer with TI, based in Cork, Ireland.
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Part 2 
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Presenter
Presentation Notes

In Part one I covered some basic Concepts, Transfer Functions in general and introduced Voltage Mode and Current Mode control.

In Part two I want to look at the two main Loop transfer functions, that is the Control to Output and  Output to Control
Then I will look at Loop Compensation strategies


Part 3 will cover the remaining agenda items
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This section will look at the Control to Output and Output to Control transfer functions



Control to Output Transfer Function: G(s) 
• 𝐺 𝑠 = 𝑉𝑂𝑂𝑂

𝑉𝐶
=  𝐾𝑃𝑃𝑃  ∗ 𝐾𝐿𝐿 𝑠  

• Buck Converter in Voltage Mode Control  
• Output Inductor/Capacitor resonance 
• Phase boost, zero of ESR and Cout 
• Type 3 compensation needed (more later) 

 
• Buck Converter in Peak Current Mode  
• First order characteristic 
• Phase boost, zero of ESR and Cout 
• Type 2 compensation (more later) 
• Ref 3 

 4 

Buck 
VMC 

Buck, PCM 

Phase boost  
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Presentation Notes
Let’s look at the transfer function of the power stage or Plant as it is sometimes called. I’m going to follow convention and call this function G(s)

G(s) is the transfer function from the control input VC to the system output VOUT and I’ve graphed it here for the Buck converter in Voltage Mode control on top and Peak Current Mode control at the bottom.
I’ve identified the various poles and zeros of these transfer functions in the plots. Different power stage topologies have different transfer functions but the general principles are the same so I’m going to concentrate on the Buck stage here.  

There are a few things worth noting in these plots
We’ve seen before that the Buck converter in VMC has a peak at the resonant frequency of the output filter. We’d expect that this resonance – or complex conjugate pole – would give a -180 degree phase shift at high frequencies however this phase shift is reduced because of the phase boost due to the zero from the ESR of the Output Capacitor. If you look carefully, the gain slope also reduces from -40dB per decade to -20dB per decade but the most important characteristic is the Phase Boost. 

The Buck converter in PCM does not have the resonance. Technically, and if you look deeply into the maths, the addition of the current loop splits the complex conjugate poles of the VMC characteristic into two real poles. You can see a low frequency pole at (Omega P1) and a high frequency pole at (omega p2). This effectively changes the PWM modulator into a voltage controlled current source. The phase boost from the output capacitor ESR at (omega z) remains and is clearly visible. 

Overall, Peak Current Mode control has turned the second order characteristic of Voltage Mode Control into a first order characteristic characteristic. This makes it much easier to stabilise and allows a higher loop bandwidth.




𝐺 𝑠 =
𝑉𝑂𝑂𝑂
𝑉𝐶

=  𝐾𝑃𝑃𝑃  ∗ 𝐾𝐿𝐿 𝑠  

A right-half-plane zero appears in the transfer function of 
topologies which deliver energy to the output 180° out of 
phase with the energy taken from the input.  
(in CCM only, Flyback, Boost, Cuk topologies) 
(Sheehan: slup340 and Dixon: slup084) 
 
Remember - RHPZ: Gain increasing Phase decreasing 
• Severely limits the control bandwidth 
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PCM 
Boost 

RHPZ at 
3kHz in this 
example 

Control to Output Transfer Function: G(s) 

Flyback transfer function under PCM 
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Presentation Notes
This plot shows the control to output transfer function of a Flyback supply. The position of the Right Half Plane Zero (Omegr r) is marked and it is clear that the -20dB per decade slope  due to the pole at (omega p) begins to reduce as the gain due to the zero increases. It increases further at the zero due to the ESR of the output capacitor at (omega z) before finally levelling off as the pole due to the inductor takes effect at (omega L).

Overall, the phase has dropped by -180 degrees over this frequency range. The nett effect of the RHPZ is to add gain while reducing the phase. We shall see that this significantly reduces the closed loop control bandwidth we can achieve. 



Output to Control Transfer Function: H(s) 
This is the feedback system used to close the control loop 
We need 
• 180deg phase shift at DC for negative feedback 
• High gain at DC, for good regulation 
• High loop bandwidth, for good transient response (except PFC) 
• Adequate gain and phase margins, for stability  
    PM > 45° at 0dB gain 
Need to reduce gain to less than 1 before ≈ fsw/10 
• Prevent the control loop from ‘seeing’ the switching action 
• Ideally gain dropping at -20dB per decade at the cross over 
• Makes system less sensitive to component variations 
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Error Amplifier 

More Detail 
(Type 2) 

+VREF

VOUT

VC

R1

R3

R2 C2

C1

+

ZFB

ZIN

REF

VOUT

VC
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The Output to Control transfer function is the second part of the overall loop. Its input is a measurement of the output of the Plant or power stage and its output is a control signal which acts as a current demand signal in Current Mode Controlled systems or which is used to directly control the Duty cycle in Voltage Mode Control.

For a given power stage, the characteristics of the feedback system determine the characteristics of the overall control loop and it must have these essential characteristics.

First, It must have a 180 degree phase shift at DC for negative feedback.
It must have a high gain at DC so that only a very small change in output voltage is necessary to cause Vc to command duty cycles from Dmin to Dmax.
It must be designed to achieve a high loop bandwidth for fast transient response - PFC applications are an exception to this rule of course.
The overall loop must have an adequate gain and phase margins to ensure stability.

The overall loop bandwidth must be low enough to prevent the control system from seeing the switching action in the power stage. In practice this means that the control loop bandwidth must be less than approx 10% to 20% of the switching frequency
.
To make the system less sensitive to component variations the loop gain should be dropping at -20dB at the cross over frequency, that is the frequency where the gain is 0dB
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We now have enough information to look at the compensation of the overall control loop



The Feedback Network: H(s) 
Three generic types of Compensation network 

 
Type 1, 1 pole at origin, no phase boost 
Type 2, 1 pole at origin, 1 zero, 1 HF pole,  
• phase boost up to 90° 
Type 3, 1 pole at origin, 1 zero pair, 1 HF pole pair,  
• phase boost up to 180° 
The terms PI, PID are used in digital control systems 
Similar but no direct correlation to the Type 1, 2, 3 classification 
used here. 
 
Ref 3  VERY Highly Recommended 
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Error Amplifier 

More Detail 
(Type 2) 
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VOUT
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R1

R3
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C1

+
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VOUT

VC
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Presentation Notes
There are three generic types of compensation networks used – these are called Type 1, Type 2 and Type 3. I’ve listed their broad characteristics here.

Type 1 can be used if a very low control bandwidth is acceptable, for example in PFC stages or during product development where the bandwidth can be reduced to a very low level to allow the designer to verify the power stage design first and then move on to designing the full bandwidth control loop.

Type 2 is mainly used in Current Mode Control systems.

Type 3 is used mainly in Voltage Mode Control systems or sometimes in Current Mode Control systems where the zero due to the ESR of the output capacitor is at too high a frequency to give adequate phase boost.

The terms PI and PID are also seen but mainly in the context of discrete time systems and digital control loops. I’m not going to mention them further.



Loop Response: Requirements for Stability 

9 

Loop Stability:  Remember: 0dB = gain of 1  
• There is a 180deg phase shift at DC  
• System will oscillate (at the crossover frequency) if there 

is an ADDITIONAL 180° around the loop at the crossover 
frequency. Ref 4 

For Stability 
• Phase must be < 180° when the gain goes through 0dB 
• Gain must be < 0dB when the phase goes through 180° 
Compensation network must be designed for  
• Adequate gain and phase margins, for stability 
• PM > 45° at 0dB gain 
Need to reduce gain to less than 0dB before ≈ fsw/10 

 

Metastable condition if gain 
pops up above 0dB 
To be avoided ! 

0dB crossover at 1kHz 
Phase Margin ≈ 76° 
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I want to take a brief look at the requirements for a stable loop.

Negative feedback requires that there must be 180 degree phase shift at DC
The system will oscillate at the 0dB cross over frequency if there is an additional 180 degree phase shift around the loop. If the system were completely linear, the oscillation would be sinusoidal but in practice its amplitude will be limited by system non-linearities. There is a good explanation of why this is the only frequency at which the system can become unstable in Ref 4. 

Loop stability requires that the phase must be < 180deg as the gain passes through 0dB – remember that 0dB corresponds to a gain of 1. 

Phase margin is the amount by which the phase shift at cross over is less than 180 degrees. It’s is about 76 degrees in this plot. It is also conventional to assume the existence of the 180 degree phase shift at DC and to not add it into the calculation or show it on the phase plot.
 
The gain margin is the amount by which the gain is less than 0dB as the phase drops below 180 deg. This provides some margin against component to component variations.
As I said earlier, the loop gain should be less than 0dB before approximately 10% or 20% of the switching frequency.

One thing to be avoided is a meta-stable condition where the gain, having dropped below 0dB then increases again




+VREF

VOUT

VC

R1

RB

R2 C2

C1

Loop Response: T(s) = H(s)G(s), Buck PCM  

• Loop crossover at 10kHz 
• Approx. 76° phase margin 
• Inverting input is virtual ground 
• RB attenuates Vout only 
Ref 3 10 

Error Amplifier H(s) 

G(s) 

T(s) 

Zero 
R2,C2 

Pole 
R2,C1 

Pole 
R1,C1 

Plant 

Loop 

Type 2 network 
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Now, we’re in a position to put all these pieces together and look at the complete loop response and how the compensation network is used to ensure system stability.
Here I’m going to use a Buck PSU operating under Peak Current Mode control.

We’ve seen G(s) previously. The plot here shows the transfer function of buck converter under Peak Current Mode control

H(s) is a Gain Phase plot of a Type 2 compensator. It has a DC gain set by the open loop gain of the amplifier which starts to roll off at the low frequency pole set by R1 and C1. 
The zero formed by R2 and C2 is placed at the frequency about 1/10 of the cross over frequency – at the frequency of the LF pole in the Plant transfer function. This flattens out the Error amplifier response while the Plant gain starts to decrease. The other main effect of this zero is to give some phase boost which cancels out the phase drop due to the Pole in the plant. R2 and C2 form a high frequency pole above which the error amplifier gain decreases again. The phase starts to drop too as the Pole takes effect. 

Overall, the Error amplifier gain drops as frequency increases. Note that the Low Frequency and High frequency phase shift are both -90 degrees. The phase boost in the mid range of frequencies cancels out the phase drop in the H(s). The overall effect is that the gain crosses over the 0dB line with a 76degree phase margin and at a -20dB per decade slope.  
 



+VREF

VOUT

VC

R1

RB

R2 C2

C1C3

R3

• Loop crossover at 10kHz 
• Approx. 90° phase margin 
• Inverting input is virtual ground 
• RB attenuates Vout only 
Ref 3 

Loop Response: T(s) = H(s)G(s), Buck VMC 
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A typical schematic of a Type 3 compensator is shown here along with the Bode Plot of its transfer function. 

A type 2 compensator could be used to close the loop around the Plant transfer function shown her but the loop crossover frequency would have to be significantly lower than the output resonance

Type 3 compensation allows a significantly higher cross over frequency because it can give up to 180 degrees of phase boost versus the 90 degrees which a Type 2 compensator can achieve and this is the main justification for its use.

The LF pole formed by R1 and C1 have the same effect as before. There are two zeros in this network, R2, C2 and R1, C3 – both of these are usually placed at 10% of the loop crossover frequency. Their main effect is to introduce a large phase boost which is clearly visible in the plot of H(s).

The Pole formed by R3 and C3 is placed at about 3 times the crossover frequency and it helps to drop the loop gain 
The High Frequency Pole formed by R2 and C1 increases the rate at which the gain drops off at high frequencies.

In this case the total loop response has a phase margin of about 90 degrees – which is probably too much because, although the system will be stable the transient response will be overdamped.



The TL431: 
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Reference + Error Amplifier in one IC 
Type 2 compensator shown here,  
• 1 pole at origin,  
• 1 zero,  
• 1 HF pole, phase boost up to 90° 
Ref 5 
Ref 6 (VERY highly Recommended) 

 
• Optocoupler has pole due to parasitic 

output capacitance CO 

 

Pole at origin,  
Zero, R1C1 
HF pole at R3CO 

+

-
KPWM

HE(s)

KCS XI

XLC
VC SW VOUT

ILOUT

VIN

R1

R2

C1CO

R3

vcc
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Presentation Notes
Many Switched Mode Power Supplies have an isolated output, some low power Flyback designs are primary side regulated but most if not all high power circuits use secondary side regulation with a primary side controller. This requires some method to include an isolation barrier in the feedback path. One common solution is to use a TL431 as an error amplifier and use an Opto-Coupler to provide the isolation barrier.

The general approach to designing a compensation network using a TL431 and Opto-Coupler is the same. The schematic here shows a Type 2 compensation network along with its associated transfer function H(s).  

This circuit has two feedback paths. The one shown in red dominates at low and medium frequencies where the error amplifier in the TL431 controls the LED current. At high frequencies, the TL431 gain has dropped to a very low value and it no longer controls the LED current. However variations in Vout can drive currents in the LED through the blue path and this path dominates at high frequencies.

One of the main issues with this circuit is that the parasitic capacitance of the Opto-Coupler is not very well characterised so it’s difficult to know exactly where the HF pole appears but typically it’s somewhere between 10kHz and 20kHz. Techniques do exist to eliminate the pole due to the parasitic output capacitance. These work by keeping the Photo-Transistor Vce constant so that Co has no effec, but these are beyond the scope of this talk.


 



The TL431: 
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High VOUT (> ≈ 36V) or Low VOUT (< ≈ 3V) 
• Connect LED to a fixed bias rail. 
Optocoupler CTR has a wide part to part 
variation and is also a function of -  
• LED current,  
• Temperature,  
• Age.  
Perceived to be unreliable, but main issue 
is lifetime 
Very useful for crossing an isolation barrier 

 

+

-
KPWM

HE(s)

KCS XI

XLC
VC SW VOUT

ILOUT

VIN

R1

R2

C1CO

R3

vcc

vBIAS

R4

Pole at origin,  
Zero, R1C1 
HF pole at R3CO 

• TI Information – Selective Disclosure 

H(s) 

Presenter
Presentation Notes
A related issue with the TL431 and Opto-Coupler system is that the TL431 has a limited voltage range so that in High Voltage and Low Voltage applications it cannot be connected directly to the output and has to be fed from a separate bias rail. This may seem a small change but it eliminates the direct feedback path in the previous slide. The compensation network around the TL431 must be changed to adjust for this change. 

The Current Transfer Ratio is the ratio of opto-coupler LED current to Photo-Transistor current. This parameter varies widely between devices, even between devices of the same type. It also varies according to the LED current, temperature and degrades significantly over time. These factors all conspire to make it difficult to design a circuit which works over all parameter variations. However this combination of TL431 and Opto-Coupler is very popular. 

Optocouplers are sometimes perceived to be unreliable but, if used correctly their main issue is lifetime rather than reliability – and they are extremely useful for bringing a signal across an isolation barrier.



Current Loop Stability: 

Measuring gain and phase of the current loop is difficult.  
Fix an operating point (Constant IDEM ), inject the signal in series with the CS resistor, measure 
the gain and phase vs frequency  
However: Current loop stability is not normally a problem except 
In CCM a fixed frequency current loop is unstable for D > 50%, Sub Harmonic Oscillations  
Operation at D slightly below 50% can be underdamped 
Slope Compensation Ramp needed 
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There are two main methods to implement current mode control, Peak Current Mode and Average Current mode. Both use an error amplifier to set a current demand signal and the current loop forces the output current to match the demand current.

If using Average Current Mode control, the inner current loop must be stabilised in a similar fashion to the outer voltage loop which we have been discussing up to now. Reference 9 covers the stabilisation of Average Current Mode controlled systems and I’m not going to go into any more detail.

In Peak Current Mode control the stability of the inner current loop is not normally a problem except if operating at large duty cycles and in Continuous Conduction Mode where slope compensation is necessary.




Sub-Harmonic Oscillations: Instability 

D < 50%, perturbation in inductor current (dotted) 
dies away. 
 
System becomes increasingly underdamped as D 
increases past 40%   
 
D>50%, perturbation in inductor current does not 
die away. Current diverges. System is unstable 
 
Characterised by large cycle to cycle variations  
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IDEM 

IL 
∆IL 

IDEM 

IL 
∆IL 

Green = Current Demand Signal 
Blue = steady state inductor current 
Red = perturbed inductor current 
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Ref 7 

 

Presenter
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Peak Current mode control has many advantages but does have an inherent instability if operated at wide duty cycles. 

The upper diagram shows that a small perturbation in inductor current (delta IL) will die out in a few cycles at small duty cycles.
The lower diagram shows that at a wide duty cycle the same perturbation increases over the following cycles

The rule of thumb is that the system is stable if the duty cycle is less than 50% and unstable if the duty cycle is greater than 50%. However, in practice the boundary between stability and instability isn’t quite as sharp and the system becomes increasingly underdamped as duty cycle increases past about 40%  

Peak Current mode control in general including this instability are very well explained in Ref 7 



Sub-Harmonic Oscillations: Slope Compensation 
Slope Compensation Ramp stabilises the system 
• mS: at least 50% of inductor current downslope mL 

Min Peak to Average error when mS = -50% mL 

• Fastest recovery when mS = -100% mL          

• Non-Linear Slope Compensation is possible                  
– rarely used 

Slope can be subtracted from IDEM OR Added to the 
Inductor Current signal 
Slope compensation should be added for D > 40% 
Response becomes increasingly underdamped as D 
approaches 50% 
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Green = Current Demand Signal 
 + Slope Compensation Ramp  
Blue = steady state inductor current 
Red = perturbed inductor current 

IDEM + MS 

IL 
∆IL 

IL 
∆IL 
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The usual solution to this sub-harmonic instability it to add a slope compensation ramp. This ramp can either be added to the signal representing the inductor current or subtracted from the error amplifier output. Here I’ve shown it to be subtracted from the error amplifier output, IDEM – the demand current.

There are a lot of options relating to how to optimise the slope compensation ramp – and many of these are explained in Ref 8

For now, I want to point out a few things – the slope compensation ramp should be at least 50% of the inductor current downslope. This will stabilise the system out to 100% duty cycle although recovery from a perturbation takes a few cycles to accomplish. One advantage of this level of slope compensation is that the peak to average ratio of the inductor current does not change with duty cycle. This means that the input current to a PFC stage will not be distorted as the duty cycle changes through the line cycle because the ratio between the controlled quantity which is the peak inductor current and the desired quantity which is the average inductor current does not change.

If the slope compensation ramp is set to 100% of the inductor current downslope then recovery from a perturbation happens in a single cycle. This is obviously desirable if recovery for best transient recovery.

Non-Linear slope compensation is also possible and has some application in systems which have wide variations in output voltage

Slope compensation should be used if the system duty cycle is likely to exceed 40%

Finally, the current sense signal can often contain a contribution from the magnetizing inductance of an isolation transformer. In this case the magnetizing current adds to the CS signal and effectively forms part of a slope compensation ramp. The ramp due to the magnetizing current may even be sufficient to eliminate the need for a separate slope compensation ramp.
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Thanks for your attention and I hope you found this talk useful. Please feel free to contact me directly at this email address if you have any questions or if you have any suggestions for improvements that I could make.
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Hello and welcome to Part 3 of this three part talk on the Control of Switched Mode Power Supplies

My name is Colin Gillmor and I’m an Applications Engineer with TI, based in Cork, Ireland.
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In this final part I want to talk about how to test a control loop and how to evaluate its stability.

Then I’ll present a summary.
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Having designed and built the control loop it is necessary to measure its performance – I’m going to use Gain Phase measurements and Load Transient testing as examples of how this might be done.



Measuring the control loop: 
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Transient Response 
Quick, Qualitative, Large Signal 

Loop Response 
Time Consuming, Quantitative, Small Signal 

Loop b/w 30kHz 
Phase Margin ≈ 60° 
Gain Margin ≈ 20 dB  

Laplace Transform 

Inverse Laplace Transform 
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25% to 100% to 25% load step 
Allow sufficient recovery time test at multiple operating points 

Presenter
Presentation Notes
There are two main ways to measure control loop performance, Gain Phase measurements or Bode Plots and Load Transient tests

The main difference is that the Gain Phase measurements give a clear quantitative measurement of the gain and phase margins of the system under small signal conditions and Transient tests show the system response to large signal changes in operating point. Typically it is easier to set up the system for a load transient test than for Gain Phase measurement but both are useful and both should be included in any loop stability test program. 

A Bode Plot gives a clear indication of whether the gain and phase margins are adequate. Opinions vary but typically a 2dB to 10dB gain margin and a phase margin between 45 and 80 deg is acceptable.
The Bode Plot is a frequency domain check which tests the loop response at a single operating point – ideally multiple plots should be taken under different conditions to verify stability over the full range of operating conditions.

The Transient response is a time domain test that checks the system response to a large change in its operating conditions. This helps expose any non-linear behaviours that may be a problem – for example a 0% load to 100% load transient may show that the controller cannot maintain the output voltage within acceptable limits. Transient tests are easy to do and relatively easy to interpret as we shall see shortly.  

It’s also worth noting that there is a strict mathematical relationship using Laplace transforms between the time domain and frequency domain responses.
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Measuring the control loop: Bode Plot 
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Signal Injection point  
preferred Signal injection: 

Isolation transformer couples test signal into circuit 
• Wide bandwidth – typ 100Hz to 100kHz 
 
Signal injection location must be chosen carefully  
• Low Z looking ‘back’ into the loop, Z2(s) 
• High Z looking ‘forward’ around the loop, Z1(s) 
 
 
 
Where T(s) is the true loop gain, M(s) is the measured loop gain 
Z1(s) and Z2(s) are difficult to quantify but if Z1(s) >>  Z2(s) then 
 
 

𝑇 𝑠 = 𝑀 𝑠 ∗  
𝑍1 𝑠

𝑍1 𝑠 + 𝑍2 𝑠
   

𝑍2 𝑠  

𝑍1 𝑠  

𝑇 𝑠 ≈ 𝑀 𝑠  
 

Signal Injection point 
alternate. 

𝑍𝑍2 𝑠  𝑍𝑍1 𝑠  

In series with KFB is ideal but 
meters may limit use at high Vout   Ref 10, Ref 14 
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Presenter
Presentation Notes
The main consideration when setting up a Gain/Phase measurement is selection of a suitable point to inject the test signal. Ideally the injection point should have a low impedance looking back into the loop – Z2 and Z2prime above and a high impedance looking forward into the loop Z1 and Z1prime above. The reason for this is that the True Loop Gain T(s) is a function of the Measured gain M(s) and these impedances. Normally these impedances are almost impossible to determine so if Z1 is much greater then Z2 their effect may be ignored. The background to this requirement is explained in Ref 10

Two suitable injection points are identified here. The one at the output is normally preferred.

If Peak Current Mode control is used, then normally it is not necessary to check the stability of the inner current loop other than to make sure there is enough slope compensation.
If Average current mode control is used then the inner current loop must be tested as well. Ref 14 shows how this can be done.
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Measuring the control loop: Transient Response 
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Fourier transform of a step waveform contains 
components at all frequencies.  
 
Large amplitude Load change 
• Typically 25% to 75% to 25% load steps 
• 0% to 100% to 0% load steps are also used 
•   
Load di/dt must be significantly faster than the 
loop response. 
• Electronic Load step function 
• Resistor with MOSFET switch 

 
Signal amplitude can be ‘buried’ in noise 
• Apply repeated transients and average the 

result 

Transient Response 
Quick, Qualitative, Large Signal 
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Presenter
Presentation Notes
A load step forces the control loop to adjust from one operating condition to another and the response of the system can be easily measured at the output.

There are only a few constraints on the test.

The rate of change of the load current must be significantly faster than the loop bandwidth – there is no upper bound on how fact this step can be.
Typically a 25% to 75% and back to 25% load transient is used. This operates the loop over most of its control range and avoids mode transitions into light load burst or sleep modes. The transient ampliude can be easily adjusted for tests from 0% to 100% to 0% load. The same test setup can be easily modified to check entry into and recovery from over current conditions.

The amplitude of the response can be quite small and even buried in the output noise. The strategy in this case would be to repeat the transients and average the result using the current step as the trigger source.

 



Formal relationship between Gain/Phase plot and Transient 
Response (LTI system) 
 
Phase Margin can be estimated from the shape of the transient 
response 
Plots here are normalised to a crossover at 1Hz 
Underdamped transient response implies small phase margin 
Loop stability can be estimated from a load transient test 
 
 
  

Measuring the control loop 
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Oscillation at crossover 
frequency of the loop (approx.) 

22° 77° 
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Ref 11, PP342 
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Presentation Notes
As I mentioned earlier, there is a formal relationship between the Gain/Phase results of a Bode Plot and Transient response and this means that the phase margin can be estimated from the shape of the transient response

The plots here show the approximate relationship. The book by Erickson and Maksimovic  - Ref 11 - gives more detail of how these curves were derived and the approximations used.

There is a tradeoff between phase margin and the speed of response of the system. The response time is the time needed to move from the initial condition at V(tau) = 0 to the final condition where V(tau) = 1. The response with a phase margin of 77deg is optimally damped and the plot with a 52 degree phase margin shows a slight overshoot but has a significantly faster response time. Phase margins less than about 45 degrees become unacceptably oscillatory and don’t provide any margin against component to component variation or ageing effects. Phase margins greater than 77 degrees can have an unnecessarily slow response.
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Now for a summary of the material I have presented here.



The Iceberg Analogy  
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Most instability problems have nothing to do with classical control theory ! 
 
 
 
 
Noise Pickup 
Non Linearity – insufficient control range/authority 
Over Current protections 
Input Filter Oscillations 
Problems with Remote Sensing 
Source Instability 
Load Instability 
Etc. etc 
Etc. 
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Please bear in mind that just because a Switched Mode Power Supply is unstable – it may not be due to a loop with insufficient phase or gain margin.

Here’s a list of other possible causes of instability and the first thing to do if you are faced with an unstable power supply is to try to understand the reason for the instability before blaming the control loop.



Control of SMPS: Summary 
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Control theory is sometimes thought to be difficult to understand 
• Complex Mathematics, Complex Frequency, Laplace Transform, Poles, Zeros etc etc 
• An intuitive overview is possible without too much complexity 

 
SMPS control  
• Voltage Mode: 
• Current Mode:    Peak Current Mode, Average Current Mode 

 
Loop Transfer Functions 
• Control to Output: G(s), Output to Control: H(s), Complete Loop 
• Loop Compensation: Type 1, Type 2, Type 3 
 
Testing 
• Gain Phase Measurements (Bode Plot), Transient Tests, Evaluation of results. 

 
References 
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Presentation Notes
Control theory is often thought to be difficult to understand and theoretical approaches usually have lots of Mathematics and talk about Loop Gain, complex frequency, H(s), G(s) and so on.
 
I have tried to show that it is possible to gain a good qualitative understanding and feel for analog control of SMPS without using too much mathematics. 

We have seen how the various pieces of the Control Loop puzzle are designed and how they are put together in a functioning Switched Mode Power Supply system and described loop compensation strategies using Type 2 and Type 3 compensation networks and how slope compensation is used to stabilise the current loop 

I discussed the Gain/Phase measurement and Load transient test methods used to verify that a design is stable and indicated what the limits for acceptance might be.

Please remember the iceberg analogy  that just because a power supply is oscillating it does not always follow that the feedback loop has insufficient phase margin – there are many other causes for system instability.   

Finally – there is a lot of good information available on control theory. I include a list of the ones I used in this presentation at the end
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Here are some useful reference sources
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Presentation Notes
This is a list of the references used in this presentation. If you want to choose only 1 then I would recommend the application note by Sheehan, Ref no 3. Mammano’s book, ref 2 is a good all round introduction to Switched Mode Power Supply design while Ref 11: Erickson and Maksimovic’s book is an in depth treatment of the subject.

Ref 12 is a book dedicated to control theory and is a good reference for further study.
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Thanks for your attention and I hope you found this talk useful. Please feel free to contact me directly at this email address if you have any questions or if you have any suggestions for improvements that I could make.
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