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Abstract

In power amplification, the stability and regulation of the power supply voltage rails are of par-
ticular interest, since variations on the rails can cause distortion in the amplified signal. In such
systems the power supply is exposed to unbalanced loads due to the push-pull behavior of the
amplifier, what leads to increased output voltage ripple. A solution to minimize the amplitude of
the ripple is to shape the output impedance of the system through the employment of closed-
loop control. This paper presents the investigation towards the application of different control
schemes and their influence on the output ripple behavior.

1 Introduction

Figure 1 presents an amplification system with its basic components. The power supply unit
(PSU) is responsible to produce the voltage rails that feed the power amplifier, and plays a
significant role in defining the quality of the amplified output signal. It should present a high
level of line and load regulation, in order not to interfere with the waveform of the amplified
signal. High amplitude voltage undulations in the supplying rails can produce output signal
clipping, increasing its distortion levels beyond accepted values.

Figure 1: Diagram of an amplification system

The main causes for the voltage ripple are the push-pull behavior of the PSU output current,
which imposes an unbalanced load on the voltage rails, and the presence of frequency com-
ponents in the current, which interact with the power supply output impedance. Both problems
can be minimized by increasing the PSU output filter, what represents a costly and bulky so-
lution. An alternative is to employ adequate designed close-loop control methods in order to
shape the output impedance of the system and reduce the voltage ripple [1]. The presented
work intends to evaluate the influence of different control schemes on the PSU output ripple
behavior. The investigations considered a type-II linear controller (LTII)[2] and two nonlinear
topologies: indirect passivity-based control (iPBC) [3] and sliding-mode control (SMC) [4].

This paper is organized as followed: Section 2 shows a discussion over the PSU output current
profile and derives equations that can be used to estimate the magnitude of the ripple in the
voltage rails. Section 3 describes briefly the switched converter topology employed as the



PSU in this work. Section 4 presents the evaluated control schemes and the structure of
the controllers. Section 5 presents the experimental results and Section 6 presents the work
conclusions.

2 Output current profile and voltage ripple estimation

As above mentioned, the operation of the power amplifier produces frequency components
that are inserted in the output ripple of the PSU. These components will interact with the output
impedance of the power supply and generate voltage ripple in the rails. Therefore, the output
impedance of the PSU should be designed to be sufficiently small in order to minimize the
influence of the current harmonics. Aiming to quantify the magnitude of the output impedance,
which could reduce the voltage ripple amplitude to desired values, the profile of the PSU output
current was investigated. The investigations were carried out considering two amplification
topologies: linear Class AB and switched-mode single-ended Class D amplifiers. The power
stages of both topologies are presented in Figure 2.

(a) Class AB amplifier (b) Class D amplifier

Figure 2: Power stages of the considered power amplifiers.

It can be observed that each power supply rail delivers a different current profile at each semi-
cycle, i.e., there will be a load unbalance, independently of the amplifier topology. Thus, the
power supply unit should perform a voltage equalization between the rails, in order to prevent
this unbalance to turn into undesirable voltage ripple. For further analysis, the output current
was considered to be a combination of the currents in each transistor, in a way that:

IS = IQ1 + IQ2 (1)

Considering that, the waveforms of the PSU output currents for the linear and switched-mode
amplifiers can be derived. These waveforms are described in Figure 3.

Note that the PSU output current possesses a DC value and some AC components, these AC
elements are responsible to produce the voltage ripple in the PSU rails. The magnitude of
such components can be calculated through a Fourier analysis, which results in the relations
described in (2) for a class AB amplifier and (3), for the class D configuration.
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(a) Class AB amplifier (b) Class D amplifier

Figure 3: PSU output current waveform.

Where: ωa is the fundamental angular frequency of the amplified signal;

n = 2, 4, 6... is the n-th harmonic of the fundamental frequency of the amplified signal.

IS = ILmax ·
M

2
[1 + cos(2ωat) + IHF ] (3)

Where: M is the modulation index of the PWM signal; IHF are the high frequency components
related to the triangular carrier harmonics and intermodulation elements.

Once the output current profile is known, the voltage ripple that it provides can be estimated as-
suming that the interaction of the current AC components with the output impedance will result
in voltage perturbations on the rails. Considering also that the output impedance would have
a low-pass behavior, only the influence of the most significant AC component, the second har-
monic, was evaluated. Thus, based on the simple relation between the voltage ripple and the
current AC element described in (4), the normalized voltage ripple magnitude for the class AB
and class D amplification systems could be derived and are shown in (5) and (6), respectively.

∆Vdc = Zout · IS,2 (4)

Where: IS,2 is the second and most significant amplified signal frequency harmonic present in
the PSU output current.
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Figure 4 shows the demanded output impedance for a 10% voltage ripple against the variation
of the voltage ratio between the amplified signal peak voltage (Vp) and the amplitude of the
voltage rail (Vdc). It can be noticed that, in order to secure the desired ripple, the class AB
amplification system would require a lower impedance than the class D system, considering
voltage ratios lower than 0.85. Once the class AB amplification system has shown to be more
demanding over a broader operation region, only it was considered for further studies.



Figure 4: Comparison of the demanded output impedance for class AB and class D systems.

3 PSU converter topology

A 100W full-bridge dual output converter was used in this work to implement the PSU. Figure
5 (a) shows the power stage of the converter. The inductors of the output filter were coupled,
in order to force symmetry between the converter output rails and therefore minimize the effect
of the push-pull unbalance. The output capacitors were made intentionally small (66µF) to
evidence more clearly the contribution of each control method to the performance of the power
supply.

(a) Full-bridge converter (b) Small-signal model diagram

Figure 5: PSU employed converter topology and small-signal model.

For control purposes the full-bridge converter was modeled as a buck converter, like illustrated
in the block diagram of Figure 5 (b). The controlled variables (inductor current and capacitor
voltage) were redefined as:

Inductor current: I = I1−I2
2 ;

Output voltage: Vdc = Vdc1 + Vdc2;

Buck input voltage: VA = VA1 + VA2.

The buck model parameters are: Zo(s) =
2R

RCs+1 , which is the impedance of the output filter;

A(s) = i
µ(s) =

VA
2

RCs+1
RC(L+LM )s2+(L+LM )s+R

; B(s) = i
iac

(s) = RCs+1
RC(L+LM )s2+(L+LM )s+R

;

The variable µ is the switching command, iac is the PSU output current AC components, C is
the output filter capacitance of each rail, L is the output filter inductance of each rail, LM is the
output filter mutual inductance and R is the equivalent load of each rail.



The model presented above is very useful, once the output impedance can be found through
the output voltage response to the iac perturbation, i.e.:

Zout(s) =
vdc
iac

(s) (7)

4 Evaluated control methods

In this section, the structures of the evaluated control methods will be presented and analyzed
through simulation, in order to predict and verify the controllers contribution to the PSU per-
formance. Firstly the converter model was employed to a small-signal analysis to define the
closed-loop output impedance of the PSU and so predict the voltage ripple behavior; after-
wards, a nonlinear simulation of the complete amplification system was realized to verify the
influence of the load unbalance and the unmodeled parameters over the PSU performance.

4.1 Description of the control methods

a) Linear type-II control

The LTII is a average cascaded control technique, with a inner current control loop and a outer
slower voltage loop, which employs type-II controllers as compensators. The closed-loop con-
trol diagram is presented in Figure 6 (a).

(a) Control diagram of LTII (b) Control diagram of iPBC

Figure 6: Closed-loop control block diagram of the linear type-II and passivity-based systems.

The compensator’s parameters were tuned following the k-factor algorithm described in [2], for
a 60o phase margin, frequency ratio of 5 between the inner and outer loop bandwidths and
switching frequency of 96kHz.

b) Indirect passivity-based control

This control method is based on the energy analysis of the system and aims to guaran-
tee asymptotic stability by shaping the converter’s closed-loop energy function through virtual
damping insertion. The equations that lead the system to a null error dynamic are derived from
the indirect voltage control described in [1], for the full-bridge converter used in this work. Fig-
ure 6 (b) shows the closed-loop control diagram for this method. The virtual damping resistor
R1 was set to 22Ω, the proportional gain in the PI controller was set to 1.2 and the integral gain
to 100. A switching frequency of 96kHz was used in this system as well.



c) Sliding-mode control

In order to implement a SMC over the full-bridge converter, a modification on the system model
had to be made. Normally, the switching function of a sliding mode controller is defined after
a controlled variable and its derivative. Thus, to control the output voltage of the buck con-
verter, it’s important to incorporate also the capacitor current in the control loop. To do so,
the power converter structure was modified to permit the measurement of the current in both
output filter capacitors, according to the buck model definitions made in Section 3. The imple-
mented switching function was then based on the description of [4] and is presented in (8),with
a hysteresis band defined to impose an average switching frequency of 96kHz.

S =
1

R ·H
(VRef −H · VO)− iC (8)

The small-signal investigations used a small-signal model of the hysteresis comparator em-
ployed to implement the switching function, that includes the influence of the time delay of the
driver and other devices. The description and evaluation of such model was presented and
discussed in [5].

4.2 Simulation of the converter behavior

Once the controller’s structures were defined, a simulation employing the small-signal model
of the converter was realized to verify the behavior of the closed-loop output impedance of the
PSU. This simulation was carried out considering the output impedance definition made in (7)
and applying a frequency sweep over the iac input of the converter model. The obtained results
are shown in Figure 7. Later, a nonlinear simulation of the switched converter and its controllers
implemented by opamp circuits was realized and the related results are shown in Figure 8.

Figure 7: Small-signal analysis of the converter output impedance.

Figure 7 shows that the output impedance of all the control methods tends to be lower at the low
and high frequency range, what indicates that the main concern area is the region constraining
100Hz to 10kHz, considering a 96kHz switching frequency. Combining the output impedance
magnitude described in Figure 7 and equation (5), the amplitude of the voltage ripple on the
rails can be predicted. It can be observed that the small-signal analysis indicates that the SMC
would provide a much better performance than the other control schemes, since the theoretical
output impedance was at least 50dB lower than the others, what would provide a voltage ripple
lower than 0.01% (Assuming the parameters mentioned in Figure 8) over the whole frequency
range. However, the nonlinear simulation have shown that the SMC is strongly influenced by



Figure 8: Simulated output voltage ripple behavior. +Vdc = +35V , RL = 5Ω and ILmax = 5.6A.

the system’s time delay, unmodeled elements and load unbalance, what bring its voltage ripple
near to 10%. The iPBC presented a close performance to the SMC (k ≈ 10% @ 250Hz),
but also have shown a higher voltage ripple than predicted (k ≈ 6.8% @ 250Hz). The LTII
provided an unacceptable ripple amplitude, reaching almost 80% at 600Hz, higher even than
the predicted levels (21%).

Those differing results have shown that even though the output impedance analysis can predict
the output ripple overall profile over the frequency range, it cannot be very accurate towards
its amplitude, once unmodeled factors, such as the influence of the unbalanced load, would
not be accounted for. However, such analysis is still be useful in the design step of the PSU,
once it can provide a better understanding of the system behavior. Nevertheless, the nonlinear
simulation will yet be needed, in order to give a more precise information about the converter
performance.

5 Experimental Results

A prototype of the designed full-bridge converter was implemented in the laboratory and was
evaluated for the related controllers discussed in Section 4. In order to verify the behavior of the
power supply unit, a high-end linear class AB amplifier was connected to the converter output,
its amplified signal peak voltage was set to 80% of the supplying voltage rails and its frequency
was swept between 50Hz and 5kHz. The measured voltage ripple amplitude is shown in Figure
9, were the Frequency axis is related to the ripple frequency.

Figure 9: Measured output voltage ripple behavior. +Vdc = +35V , RL = 5Ω and ILmax = 5.6A.

Comparing the obtained results to the simulated ones, it can be noticed that LTII control method



presents a better performance in the real system than the simulation would indicate, however its
resulted ripple magnitude could yield severe and unacceptable voltage clipping in the amplified
signal. The iPBC shows similar behavior compared to the nonlinear simulation staying around
10% over the frequency range. The SMC has provided a even better performance staying
around 7.5% over the evaluated range. It can be observed that the SMC, in relation to the
other two compared control methods provides a better performance to the PSU employed in
amplification systems, being greatly superior to the Linear Type-II controller and slightly superior
to the iPBC. This last conclusion means that the passivity-based topology can also be very
interesting to this application, once it provides close performance in relation to the SMC and
offers the possibility to operate with fixed frequency, something that the SMC cannot.

6 Conclusions

The presented work has evaluated the performance of a power supply unit, implemented
through a full-bridge dual output converter, employed in amplification systems against three
different control schemes. Both simulation and experimental results have shown that the non-
linear based control topologies are more capable of providing better performance to the PSU
in terms of reduced voltage rail ripple, even with very low output filter capacitors. Among the
evaluated methods, the sliding-mode control has proven to ensure better results. However, the
iPBC is still a very interesting control scheme for this application, since it has offered a similar
output voltage ripple (near 10% against the 7.5% of the SMC) and has the advantage of the
fixed switching frequency operation.
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