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1 Introduction

The buck and the boost circuits are the most commonly used topology in nonisolated DC-DC
application. The buck circuit is used as step-down converter, while the boost is used as step-up
converter. While the buck and boost circuits are critical for the simple DC-DC conversion field,
they are also highly important to other power electronics topologies. The reason is that most
power converter topologies can be considered as the equivalent circuit consisting of buck and
boost converters. Therefore, the analysis and the controller design for these two circuits are very
typical. By improving the efficiency of conversion, the synchronized buck and boost have
become increasingly popular.

This document discusses the closed-loop controller design for synchronized buck and boost
circuit, both in voltage mode and the average current mode. A Piccolo MCU named
TMS320F28027 in the C2000 family is used as the digital controller. To realize a high PWM
frequency (300 kHz), the application of HRPWM in TMS320F28027 is also shown.

2 The Mathematical Model

The first step in designing the closed-loop controller for the synchronization buck or boost
topology is to build up the mathematical model. The synchronization buck or boost topologies
are derived from the traditional buck and boost circuit by replacing the diode with a MOSFET.
This replacement reduces the conduction loss of the switches.

As shown in Figure 1 and Figure 2, the control for the synchronization circuits requires a pair of
complementary PWMs. To avoid the short circuit of the two switches, the dead time between the
two switches is necessary.
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Figure 1. Buck Circuit
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Figure 2. Boost Circuit
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In this paper, we use one microcontroller unit (MCU) to control four converters, which is two
bucks and two boosts (see Figure 3). One buck is controlled in voltage mode, and the other in
current control mode. The boost control mode is the same as that of the buck.

Before building up the model, the following parameters should be assumed:

1. The input voltage is V,,, and the output voltage is u, .

2. The inductor current is i, , and the resistor load is R .

3. Theinductance is L, and the output capacitance is C.

4. Thedutycycleis d.

The Small Signal Model for Buck

When the Q1 is on, we can get equation (1).

&: in _uo
dt

cdlo_; Yo

dt R
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When the Q1 is off, we can get equation (2)

t
2
du, . u, @)
=1, ——
dt R

In each switching cycle, by combining equations (1) and (2) with the average space principle,
equation (3) is derived.

Leav, -,
3
du, . u, )
=1, ——
dt R

So, equation (4) shows the average duty cycle of the buck circuit in stable status.

davg = V[U (4)

In a very short time range, considering the d, i and the “» as the fixed value, by adding the

small signal d ,iL and % to equation (3), we can get equation (5), which is the small signal
function of the buck.

A avdy, -, +i,)
d ~ _(M0+MA0)

u
C—==(, +
Jt (i, +1,) R

Assume #, =0 and d = 0, respectively.

L av,
t
. . (6)
du, ~ u,
d° R
So, equation (7) shows the small signal model transfer function from duty cycle d to the inductor
current i, .
i(s) V.
G5 =2 o ™
d(s) Ls

Equation (8) shows the transfer function from the duty cycle d to output voltage u, .

4 Different Control Mode for Synchronization Buck or Boost Topology by Using C2000™" MCU
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f RV,
Gu(5) = =2 i (8)

d(s) Ls(RCs+1)

Equation (7) can be used in current loop design in current mode, and equation (8) can be used
in voltage mode controller design.

The Small Signal Model for Boost

From the same method that used in Section 2.1, we can get the small signal model of the boost.

Gy() =18 Vo 9
dt(S) d(S) LS ( )
_u,  (I-d, )RV,
Gl =50 = IsRCs +1) 10
_u, =V,
avg u

o

The Voltage Mode Controller Design

Voltage mode control controls the output voltage by a single output voltage loop, and the
controller simply regulates the duty cycle in different running conditions. For example, consider
the buck topology (see Figure 4 for the voltage mode closed-loop block diagram):

Vig G.(s) —» G, (s) p o

Figure 4. The Voltage Mode Control Block Diagram

Equation (11) shows the open-loop transfer function:

Gopen = G.(5)G,, (5)k,, (11)

open

The G, (s) is the closed-loop controller, and the k,, is the voltage sampling ratio.

From equation (8) we can see that G, (s)has a low-frequency pole that greatly affects the

frequency response of the system by slowing down the bandwidth and reducing the phase
margin. To reduce the effect of this pole, it must be a zero to offset it.

So it is better to choose a controller as follows:

Different Control Mode for Synchronization Buck or Boost Topology by Using C2000" MCU
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K(s+a)(s+b)

s(s+c) (12)

G (s)=

1
a ~%c is an offset zero to the pole of the G, (s).

b is a high-frequency zero to compensate the phase, and ¢ is a high-frequency pole to reduce
the high-frequency noise. Besides, we need an integral element to reduce the static difference of
the controller.

In practice, the buck circuit parameter follows:

L=32uH ,C =460uF ,V, =24V ,u, =14V ,R=7Q, f,, =300kHz , k, = 0.0532

If equation (13) shows the closed-loop controller:

I
s+ RS T00) 554 322)(5 +4500)

G.(s)=
(5 s(s+35000) s(s+35000)

Figure 5 shows the frequency response of the open-loop system.
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Figure 5. Voltage Mode Open-Loop Response for Buck

In Figure 5, the blue line is the G, (s) frequency response, and the red line is the open loop

frequency response after it is controlled. The system is stable because the phase margin is
approximately 50 degrees. Besides, the bandwidth is about 12300 rad/s, so the dynamic
response can be ensured.

Equation (14) is the continuous function of the voltage loop controller. For the digital controller,
we need to make it discrete to the z-domain with a sampling time of 20 pus.

6 Different Control Mode for Synchronization Buck or Boost Topology by Using C2000™" MCU
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G (2)= 5-9.652z7" +4.654z (14)
“ 1-1.497z7' +0.4972

By using the same method, we can also design the voltage mode controller for boost. In practice,
the boost circuit parameter follows:

L =32uH ,C=140uF ,V, =24V ,u, =50V ,R=25Q, f, =300kHz , k, =0.0144

If equation (15) and equation (16) show the closed-loop controller:

1
Bls+ o) +8000) g ¢4 286)(s +8000)
s(s +45000) s(s +45000)

G.(s)=

c (Z)_8+15.1232-1+7.1282—2 (16)
1-1.407z7"+0.407z2

Figure 6 shows the frequency response of the open-loop system.
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Figure 6. Voltage Mode Open-Loop Response for Boost

The Current Mode Controller Design

Current mode control means to regulate the output voltage by internal current loop and an
external voltage loop controller. The inductor current and the output voltage are controllable in
an external voltage loop controller. Figure 7 shows the current mode control block diagram.

Different Control Mode for Synchronization Buck or Boost Topology by Using C2000" MCU 7
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Figure 7. Current Mode Control Block Diagram

When designing the multiloop system, the most important factor is the design of the current loop
controller for the system. Also, the internal loop must be designed first. From Figure 7, we can
get the internal open-loop transfer function is:

Gopenii = Gci (S)Gdi (S)sz (1 7)

The internal loop object is the transfer function from the duty cycle to the inductor current G (s) .

From the preceding analysis, this object is integral. To regulate this kind of object, the PI
controller can be used.

K(s+b)

Gci(S) = S(S + a)

(18)

Equation (18) reflects a Pl controller that adds a high-frequency pole, which can reduce the high-
frequency noise of the system.

If the designed internal loop is fast enough, the internal loop of the system can be considered as
a gain, so the external loop object is similar to the integral, and the PI controller can be used for
the external loop.

_K(s+b)
- s(s+a)

G, (s) (19)

To ensure the stability of the system, the internal loop must be much faster than the external
loop. Therefore, it is necessary to choose the proper bandwidth for both current loop and voltage
loop. In the 300-kHz switching frequency application, a 60-MHz MCU cannot execute a 1-cycle
controller algorithm because the CPU speed is not fast enough to finish the calculation for the
controller in 3.3 us. In addition, the sampling delay in the closed loop, which greatly reduces the
phase margin of the system, cannot be neglected. So, we must reduce the sampling rate and
the controller execution rate to reduce the CPU load and the effect of the sampling delay.

In practice, we use a 100-kHz sampling frequency to execute the controller algorithm to update
the duty cycle every 10 s for the internal loop. Considering the delay by the CPU calculation
and sampling delay, a bandwidth less than 10 kHz is proper and safe for the internal loop, and a
bandwidth less than 2 kHz is proper and safe for the external loop.

Given the same parameters for buck mentioned in the previous section, if we choose the
following current loop and voltage loop, the internal open-loop frequency response and the
external open-loop frequency can be gained (see Figure 8 and Figure 9, respectively).

8 Different Control Mode for Synchronization Buck or Boost Topology by Using C2000™" MCU
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G.(s)= 20000(s +20000) (20)
s(s +140000)
G..(s) = 200000(s +2500) 21)
s(s+15000)
The discretion for equations (20) and (21) with the sampling time of 10 us is:
0.06471+0.01176z"" —0.05294z"
Gciz (Z) = -1 ) (22)
1-1.1765z7 +0.1765z
546271 —3.34727
G..(z)= 3.546z - 3.347z _ (23)
1-1.741z7 +0.741z
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Different Control Mode for Synchronization Buck or Boost Topology by Using €2000" MCU



i3 TEXAS
SPRABT6 INSTRUMENTS
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Figure 9. External Open-Loop Frequency Response

Using the same method, the similar result can be attained for current control mode for the boost
circuit. In this paper, the current mode controller design is not shown, and the controller for boost
is shown below:

24000(s +20000)

C(8) == £ +140000) 4
6 (5) = 240000 + 3000 5)
5(s +21000)

5 The HRPWM Application Notes

In this paper, the 300-kHz switching frequency is applied for both buck and boost circuit. For a
60-MHz CPU, the PWM duty step for a CPU clock is 0.5%. If the input voltage is 24 V, the
voltage regulation step of the controller will be 0.12 V, which is too rough to get fine control for
the output voltage. So the HRPWM is needed in a high-switching frequency field.

10 Different Control Mode for Synchronization Buck or Boost Topology by Using C2000™" MCU
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5.1 The Principle of the HRPWM Module
TBPHSHR(8)'
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Figure 10. The Block Diagram of HRPWM

The HRPWM uses the TBPHSHR, CMPAHR, and TBPRDHR to fine-tune PWM edge in a single
CPU clock cycle. The single CPU clock time can then be divided into several MEP steps. For a
60-MHz MCU, the typical MEP step is 150 ps. In this paper, the CMPAHR is used to generate
the high-resolution duty cycle. However, from Figure 10, we cannot realize the high-resolution
dead-time.

In the EPWM module, CMPA contains traditional PWM, 16-bit CMPA, and an 8-bit high-
resolution CMPAHR.

5.2 CMPAHR Calculation
For a given duty cycle d, two methods can be used to calculate the value of CMPAHR.
1. Calculate the CMPAHR by the following equations:
CMPA =d x TBPRD;
CMPAHR = (frac(d x TBPRD) x MEP_ScaleFactor + 0.5) << §;

The MEP_ScaleFactor must be updated in the background by calling the SFO() function. All the
steps are performed by software.

2. Set the HRPWM running in auto-conversion mode: then software calculates the fraction of the
duty cycle, and hardware finishes the other process automatically. MEP_ScaleFactor must
update in the background by calling the SFO function. In this mode:

CMPA =d x TBPRD;
CMPAHR = frac(d x TBPRD<<8);

In this paper, the auto-conversion mode is used.

Different Control Mode for Synchronization Buck or Boost Topology by Using €2000™ MCU 11
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6 Test Result and Conclusion

6.1 The Voltage Mode Test
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Figure 11. Buck Voltage Mode Soft Start Test
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Figure 12. Buck Voltage Mode Load Step Test
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Figure 13. Boost Voltage Mode Soft Start Test
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Figure 15. Buck Current Mode Soft Start Test
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Figure 16. Buck Current Mode Load Step Test
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Figure 17. Boost Current Mode Soft Start Test
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Figure 18. Boost Current Mode Load Step Test

Conclusion

In this paper, four channels of buck and boost circuit are controlled by only one Piccolo A MCU.
The Piccolo A MCU shows very good performance in the 300-kHz switching frequency
application field.

From the preceding test results, all the buck and boost converters show good performance both
in a soft start process and the dynamic response. All of the load step voltage pulldowns and
pullups can be controlled to less than 5% of the rated output voltage. But when comparing the
voltage mode to the current mode, the current mode has the better load disturbance recovery
performance.

References

1. TMS320F2802x data sheet, SPRS523G

Different Control Mode for Synchronization Buck or Boost Topology by Using C2000™" MCU



IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by Tl for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of Tl components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, Tl components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No TI components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.

Products Applications
Audio www.ti.com/audio Automotive and Transportation —www.ti.com/automotive
Amplifiers amplifier.ti.com Communications and Telecom  www.ti.com/communications

Data Converters
DLP® Products

DSP

Clocks and Timers
Interface

Logic

Power Mgmt
Microcontrollers
RFID

OMAP Applications Processors
Wireless Connectivity

dataconverter.ti.com

www.dlp.com

dsp.ti.com
www.ti.com/clocks

interface.ti.com

logic.ti.com

power.ti.com
microcontroller.ti.com

www.ti-rfid.com
www.ti.com/omap

Computers and Peripherals
Consumer Electronics
Energy and Lighting
Industrial

Medical

Security

Space, Avionics and Defense
Video and Imaging

Tl E2E Community

www.ti.com/wirelessconnectivity

www.ti.com/computers

www.ti.com/consumer-apps

www.ti.com/energy
www.ti.com/industrial

www.ti.com/medical

www.ti.com/security
www.ti.com/space-avionics-defense

www.ti.com/video
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